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SUMMARY 
The objectives of this study were: (1) to obtain experimental 
gas adsorption data for methane, ethane, and ethylene gases and several 
of their binary and ternary mixtures on activated carbon for a wide range 
of temperatures and pressures, and (2) to test the generality of the 
Polanyi Potential 'Theory on physical adsorption, as applied to pure gas 
and mixture adsorption data, with the experimentally determined results 
obtained in this work and those of others. 
The experimental apparatus was built by ~ o ~ e r s ~ ~  in this labora- 
tory; it uses a volumetric method for both the pure gases and their mix- 
tures. 
The adsorbent chosen was a commercially available, microporous, 
heterogeneous,and high adsorptive capacity activated carbon, type BPL, 
made by the Pittsburgh Chemical Company, that has been used by several 
other investigators. 
23,24,25,28,35,47 
Adsorptive capacity of this carbon was determined: (1) for pure 
methane, ethane, ethylene, and carbon dioxide gases at 212.7 K, 260.2 K, 
2 
and 301.4 K, and at pressures between 0.1 and 550 psia (0.69-3792 k ~ / m  ) ,  
(2) for methane-ethane-ethylene binary gas mixtures at 212.7 K, 260.2 K, 
and 301.4 K, at mole fractions of the first component in the gas phase of 
about 0.25, 0.50, and 0.7.5, and at pressures between 19 and 300 psia (131- 
2 
2068 kN/m ), and (3) for methane-ethane-ethylene ternary gas mixtures at 
212.7 K and 301.4 K, at mole fractions in the gas phase of about 0.60, 
0.20, and 0.20; 0.2!5, 0.50, and 0.25; and 0.20, 0.20, and 0.60; and at 
2 
p re s su re s  between 18 and 430 p s i a  (124-2965 kN/m ). 
The experimental  adsorp t ion  c a p a c i t i e s  o f  pure methane, e thane ,  
e thy l ene ,  and carbon d ioxide  gases ,  ob ta ined  i n  t h i s  s tudy ,  were essen-  
t i a l l y  c o r r e l a t e d  i n  one s i n g l e  c h a r a c t e r i s t i c  curve ,  fo l lowing  a  modi- 
f i c a t i o n  of  t h e  Polanyi-Pubinin P o t e n t i a l  theory.  20y40 This  same method, 
when app l i ed  t o  t h e  d a t a  o f  Szepesy and I l les  50y51 on o t h e r  gases  and on 
a  s i m i l a r  adsorbent ,  y i e lded  a  s i m i l a r  c o r r e l a t i o n  wi th  some s c a t t e r  a t  
low pressures .  
The Dubinin-Radushkevich equation1' was found n o t  t o  r ep re sen t  
w e l l  t h e  pure gas adsorp t ion  d a t a  of  t h i s  s tudy and t o  con ta in  tempera- 
t u r e  dependent p a r m e t e r s  which make i t s  use  imprac t i ca l .  
A l i n e a r  least squares  f i t  o f  t h e  pure gas  adsorp t ion  c o r r e l a t i o n  
developed h e r e  permi t ted  t h e  e s t ima t ion  o f  pure gas  adso rp t ion  c a p a c i t i e s ,  
a t  t h e  temperature  and p re s su re  cond i t i ons  of  t h i s  s t udy ,  w i t h  an average  
dev ia t i on  of  + 6.1%. wi th  r e s p e c t  t o  t h e  experimental  va lues  and wi th  
c e r t a i n  l i m i t a t i o n s  i n  t h e  low p re s su re  reg ion .  
The experime.n t a l  adsorp t ion  c a p a c i t i e s  o f  methane-ethane-ethylene 
b inary  and t e r n a r y  gas  mix tures  ob ta ined  i n  t h i s  s tudy  were e s s e n t i a l l y  
c o r r e l a t e d  i n  a  s i n g l e  c h a r a c t e r i s t i c  curve superimposable on t h e  pure 
gas  adsorp t ion  c o r r e l a t i o n ,  fol lowing a  modi f ica t ion  of t h e  method pro- 
posed by Grant and :ManeseZ5 It was found t h a t  t h e  e q u i p o t e n t i a l  concept ,  
b a s i c  t o  t h i s  model, does no t  ho ld  a t  301.4 K. However, a  f a i r  e s t ima t ion  
of  multicomponent adsorp t ion  d a t a  from t h e  pure gas  adsorp t ion  c o r r e l a t i o n  
was pos s ib l e .  
The Bering -- e t  - a l e ,method f o r  t h e  c o r r e l a t i o n  of  b inary  adso rp t ion  
d a t a  was found not  t o  f i t  s a t i s f a c t o r i l y  t he  experimental  da t a  of  t h i s  
s tudy . 
The r e l a t i v e  v o l a t i l i t y  o r  s e l e c t i v i t y  of  t h e  adsorbent  f o r  t h e  
more s t rong ly  adsorbed component was found, i n  gene ra l ,  t o  i nc rease  both 
wi th  decreas ing  pressure  and temperature,  and wi th  decreas ing  concentra-  
t i o n  of t h a t  component i n  t he  gas phase a t  cons tan t  temperature and pres-  
sure .  
CHAPTER I 
INTRODUCTION 
I n  gene ra l ,  most adsorp t ion  problems appear ing  i n  engineer ing  
p r a c t i c e  involve  mixture  !adsorpt ion,  whether i t  i s  i n  t h e  dry ing  o r  
p u r i f i c a t i o n  o f  l i q u i d  o r  gaseous product s t reams,  i n  t h e  s epa ra t i on  of 
normal p a r a f f i n s  from petroleum hydrocarbon f eeds tocks ,  o r  i n  h e t e r o -  
geneous c a t a l y s i s .  I n  a l l  t he se  ca se s  more than one type  of  molecule 
(adsorbate)  e n t e r s  a heterogeneous s o l i d  s u r f a c e  (adsorbent)  and competes 
f o r  t h e  a v a i l a b l e  adsorp t ion  sites. The s o l u t i o n  of t h i s  problem r e q u i r e s  
multicomponent adsorp t ion  equ i l i b r ium d a t a  cover ing  a wide range of  t e m -  
p e r a t u r e ,  p r e s su re ,  and composition condi t ions .  However, pure component 
adsorp t ion  e q u i l i b r i a  are e a s i e r  t o  determine exper imenta l ly ,  and a de- 
s i r a b l e  approach would, t h e r e f o r e ,  be t o  c o r r e l a t e  pure component adsorp-  
t i o n  d a t a  over  a wi.de range of temperature  and p re s su re  and u t i l i z e  t h e s e  
pure component data. t o  p r e d i c t  mix ture  adsorp t ion  e q u i l i b r i a .  
The so lu t ion  of t h i s  problem i s  r e l a t i v e l y  complicated due t o  t h e  
fo l lowing  f a c t s :  
1) The theory of adso rp t ion ,  e s p e c i a l l y  i n  t h e  c a s e  of h e t e r o -  
geneous adso rben t s ,  i s  not  s u f f i c i e n t l y  developed a t  t h i s  t ime. This  
problem i s  no t  w e l l  understood and i s  q u i t e  d i f f i c u l t  t o  t r e a t  t h e o r e t i -  
c a l l y .  I n  gene ra l ,  p r e sen t  knowledge of phys i ca l  adsorp t ion  toge the r  w i th  
t h e  d i f f e r e n t  mathematical. models developed t o  desc r ibe  i t ,  i s  i n s u f f i c i e n t  
t o  support  a s o l i d  theore t : i ca l  foundation of t h e  problem. 
2) These 1:imitations especially apply to gas mixture adsorption 
where experimental measurements are scarce. Adsorption phenomena are 
complicated here by mutual adsorbate competition on the adsorbent surface 
and by mutual interactions which occur under the influence of the adsor- 
bent force field; this last effect is qualitatively and quantitatively 
difficult to analyze. 
3) As experimentally measured mixture adsorption data are scarce 
in the literature, theoretically evaluated adsorption capacities and ex- 
perimental data contain important uncertainties. 
Of the various theories proposed to describe the physical adsorp- 
tion properties of gases or vapors on solids, the most successful ones 
for adsorbent-adsorbate systems of practical significance have been based 
on the Potential Theory of adsorption as formulated by Polanyi 40943 and 
as modified by Dubi.nin and co-workers 16917918 and others to pure gas ad- 
sorption, and by Grant and Manes25 to gas mixture adsorption. 
The method of approach and the objectives of this work were: 
1) To obtain experimental gas adsorption data for methane, ethane, 
and ethylene gases and several of their binary and ternary mixtures on 
activated carbon for a wide range of temperatures and pressures. 
2) To test the generality of the Polanyi Potential Theory of 
physical adsorption, and some of its modifications available today, with 
the experimentally determined results for pure gases in this work, those 
obtained by in th.is laboratory under similar conditions on meth- 
ane, carbon dioxide, and hydrogen, and those of others. 
3) To test some of the prediction methods available at present 
f o r  t h e  c o r r e l a t i o n  of multicomponent experimental  phys ica l  adsorp t ion  
da t a  from pure component adsorp t ion  da t a  wi th  experimental ly  determined 
r e s u l t s  on b inary  and termary gas mixtures  i n  t h i s  work and those  of 
o t h e r s .  
The experimental a.pparatus used i n  t h i s  s tudy was b u i l t  by Rogers 47 
i n  t h i s  labora tory .  It uses  a  volumetr ic  method f o r  both the  pure gases  
and t h e i r  mix tures ,  and i t  i s  descr ibed  i n  Chapter 11. 
The adsorbent  used was an heterogeneous microporous a c t i v a t e d  c a r -  
bon made from c o a l .  I ts  commercial d e s c r i p t i o n  i s  Type BPL; i t  i s  manu- 
f ac tu red  by t h e  P i t t sbu rgh  Chemical Company. This  p a r t i c u l a r  type of  ad- 
sorbent  has  been used by s e v e r a l  o t h e r  i n v e s t i g a t o r s .  
23,24,25,28,35,47 
The m a t e r i a l  i s  character : ized i n  Appendix F. 
Pure,  b inary  and t e rna ry  gas mixtures  f o r  methane, e thane ,  and 
e thylene  were determined on t h i s  adsorbent  a t  212.7 K ,  260.2 K ,  and 301.4 
K a long wi th  seve ra l  composition combinations and p re s su res  up t o  about 
35 atmospheres (3566 kJY/mZ). Pure carbon dioxide d a t a ,  a t  t hese  same 
temperatures  and s i m i l a r  pressure  condi t ions ,  were a l s o  determined on 
t h i s  carbon. Under t hese  condi t ions  of temperature,  methane was above i t s  
c r i t i c a l  temperature,  e thane and carbon d ioxide  below i t ,  and e thylene  
below i t  f o r  t h e  two lowest temperature l e v e l s  and above f o r  t he  h ighes t .  
The pressure  l i m i t  (about 35 atmospheres),  t he  temperature range (212.7 K 
t o  301.4 K), and the  compositions (approximately 0.25, 0.50, and 0.75 i n  
mole f r a c t i o n  of any component i n  t he  b inary  mixtures ,  and about 0.60, 
0.20, and 0.20 i n  t he  t e r n a r i e s )  s e l e c t e d  were considered t o  be adequate 
t o  test p red ic t ion  t h e o r i e s  and cover t h e  range of  common engineer ing  
i n t e r e s t .  The t h r e e  hydrocarbon g a s e s  s e l e c t e d  f o r  t h i s  s t u d y  a r e  common 
g a s e s  of  i n d u s t r i a l  i n t e r e s t  f o r  which multicomponent a d s o r p t i o n  d a t a  a r e  
s c a r c e  o r  n o n - e x i s t e n t  i n  t h e  l i t e r a t u r e .  The h i g h l y  adsorbed  components 
were e t h a n e  and e t h y l e n e .  Methane was i n c l u d e d  t o  p rov ide  a component 
o f  low a d s o r p t i o n  c a p a c i t y  and low c r i t i c a l  t empera tu re .  Carbon d i o x i d e  
w a s  s e l e c t e d  t o  check t h e  r e p r o d u c i b i l i t y  o f  some pure  g a s  a d s o r p t i o n  d a t a  
o b t a i n e d  by ~ o ~ e r $ ~  on t h e  same a d s o r b e n t  m a t e r i a l .  
Pure  gas  and m i x t u r e  a d s o r p t i o n  measurements are d i s c u s s e d  i n  d e t a i l  
i n  Chapter  11. The a d s o r p t i o n  r e s u l t s  o f  t h i s  e x p e r i m e n t a l  program are 
p r e s e n t e d  and ana lyzed  i n  Chapter  111. 
The P o l a n y i  P o t e n t i a l  Theory o f  a d s o r p t i o n  and i t s  m o d i f i c a t i o n s  
a r e  p r e s e n t e d  i n  Chapter  IV. Other  c o r r e l a t i o n  methods a r e  a l s o  b r i e f l y  
d i s c u s s e d  i n  t h a t  c h a p t e r .  
I n  Chapter  V t h e  pure  g a s  and m i x t u r e  a d s o r p t i o n  d a t a  o b t a i n e d  i n  
t h i s  s t u d y  a r e  ana lyzed  and c o r r e l a t e d  w i t h i n  t h e  c o n t e x t  o f  t h e  P o t e n t i a l  
Theory and i t s  m o d i f i c a t i o n s .  
CHAPTER I1 
EXPERIMENTAL APPARATUS AND PROCEDURE 
Description of Apparatus 
Experimental. adsorption isotherms are generally obtained by one of 
three main methods: volumetric, gravimetric, or chromatographic. In 
this particular investigation the classical volumetric method was used 
both for the pure gases and for the mixtures. A static equilibrium tech- 
nique was used for the pure gases. A measured amount of gas is admitted 
to a vessel of known volume which contains a weighed sample of an adsorb- 
ing solid. At equilibrium the amount of non-adsorbed gas can be calcu- 
lated from the equilibrium pressure, temperature, and volume available' 
to the gas in the adsorption vessel, and an appropriate equation of state 
for the gas. Using a material balance applied to the adsorption system, 
the amount of gas adsorbed by the solid at the equilibrium pressure and 
temperature is determined by subtracting the amount of non-adsorbed gas 
present in the adsorption vessel from the amount originally injected into 
it. 
An open-system, flow method was used for the gas mixtures; it is 
based on the static method with necessary modifications. This technique 
consists of passing a gas mixture of known composition through the ad- 
sorbent bed at constant temperature and pressure until the exit stream 
reaches the same composition as the feed gas. The adsorption cell is 
isolated when this state of equilibria is achieved. Successive amounts 
o f  g a s  m i x t u r e  a r e  then  t r a n s f e r r e d  by d e s o r p t i o n  from t h e  a d s o r p t i o n  
space  t o  a  c a l i b r a t e d  sample r e s e r v o i r  a t  f i x e d  t empera tu re .  The p r e s s u r e ,  
t e m p e r a t u r e ,  volume o f  t h e  r e s e r v o i r ,  t h e  a p p r o p r i a t e  e q u a t i o n  o f  s t a t e  
f o r  t h e  g a s  m i x t u r e ,  and i t s  composi t ion de te rmine  t h e  t o t a l  amount o f  t h e  
d i f f e r e n t  component:s p r e s c ~ n t  i n  t h e  a d s o r p t i o n  system. The adsorbed  
amount o f  a c e r t a i n  component i s  e v a l u a t e d  by s u b t r a c t i n g  i t s  non-adsorbed 
amount i n i t i a l l y  p r e s e n t  a t  e q u i l i b r i u m  t e m p e r a t u r e  and p r e s s u r e  i n  t h e  
a d s o r p t i o n  space  from t h e  t o t a l  amount o f  component t r a n s f e r r e d  t o  t h e  
sample r e s e r v o i r .  
The same a d s o r b e n t  bed was used i n  a l l  exper iments .  The a p p a r a t u s  
f o r  t h e s e  measurements was b u i l t  by ~ o ~ e r s ~ ~  and h a s  been d e s c r i b e d  i n  de-  
t a i l  i n  h i s  d i s s e r t a t i o n .  It i s  c a p a b l e  o f  o p e r a t i n g  i n  t h e  t e m p e r a t u r e  
range  from 70 K t o  350 K and w i t h  p r e s s u r e s  up t o  abou t  100 a tmospheres .  
The a d s o r p t i o n  ce l l .  was r e d e s i g n e d  f o r  t h i s  e x p e r i m e n t a l  work,  
minor  m o d i f i c a t i o n s  be ing  made on t h e  t u b i n g  network.  Adsorp t ion  c e l l  de-  
t a i l s  and f u r t h e r  infonnat : ion on t h e  m o d i f i c a t i o n s  are g iven  i n  Appendix B e  
Pure  Gas I s o t h e r m  Apparatus  
A schemat ic  d iagram o f  t h e  v o l u m e t r i c  a p p a r a t u s  i s  g iven  i n  F i g u r e  
1. I t s  s i g n i f i c a n t  components, i n s t r u m e n t s ,  and v a l v e s  are numbered and 
s p e c i f i e d  below i t .  
The b a s i c  concep t  o f  a d s o r p t i o n  e q u i l i b r i u m  r e q u i r e s  t h a t  a l l  i n -  
t e n s i v e  v a r i a b l e s  o f  t h e  sys tem b e  f i x e d ,  i . e . ,  i f  t h e  a d s o r b e n t  and ad-  
s o r b a t e  a r e  s p e c i f i e d ,  t h e  t empera tu re  and p r e s s u r e  o f  t h e  sys tem a t  e q u i -  
l i b r i u m  w i l l  d e f i n e  t h e  amount o f  g a s  adsorbed.  
A  c r y o s t a t ,  2 ,  was used f o r  t h e  purpose  o f  m a i n t a i n i n g  a c o n s t a n t  
1 - Adsorption cell 
2 - Cryostat bath 
3 - To vacuum line 
4 - To vacuum line 
5 - Mercury manometer 
6 - Gas reservoir 
7 - Water thermostat 
8 - Vacuum g a u g e  
9. - Vacuum pump 
P2 - 0-1500 psig Martin-Decker gauge 
P3 - 0-250 psig Heise gauge 
Figure 1. Schematic Diagram of Pure Gas Adsorption Apparatus 
temperature in the adsorption cell. Depending upon the temperature of 
the experiment, either water or hexane was used as t h ~ i  cryostat f l ~ i d ,  
To fix the temperature of the gas to be transferred into thz absorptim 
vessel a water thermostat, 7, was employed. The room conditiorls det. j r -  
mined the temperature of the connecting tubings and i~istrmentation. 
Mercury-in-glass thermometers were used to measure the room and water 
thermostat temperatures. Type E, Chromel-Constantan themlocouples in- 
stalled in glass wells filled with Nujol, a commercial heavy mineral oil, 
were used to determine the cryostat temperature. These thermocouples 
were previously calibrated against a platinum resistance themnrrretar ss 2 
reference standard. Details of this calibration are presented in Appen- 
dix C. 
A mercury-in-glass manometer was used to determine pressures below 
two atmospheres and Bourdon-type gauges P2 and P3 for higher pressures. 
The different equipment void, or dead, spaces required to evaluate the 
number of moles of gas were determined by helium displacement. Vacuum, 
when required, was obtained with a mechanical pump. Type BPL activated 
carbon absorbent (32.19 grams, or millikilograms), as characterized in 
Appendix F, was placed in the adsorption vessel as described in Appendix 
B. The same sample of adsorbent was used in the complete set of experi- 
ments of this dissertation. 
Gas Mixture Isothenn Apparatus 
A schematic diagram of the volumetric apparatus used to determine 
gas mixture isotherms is given in Figure 2. Its compo~ents are numbered 
and specified below it. 
As it has been stated before, this equipment is an extensioa of t hc  

pure gas isotherm appara tus  wi th  modi f ica t ions  d i r e c t e d  t o  t ransform the 
s t a t i c  condi t ions  of t h e  pure gas t o  flow condi t ions  of  t h e  gas  mix ture .  
A gas  dome-type pressure  r egu la to r  (Hoke, I n c . ) ,  9 ,  c o n t r o l l e d  t h s  gas 
flow from a mixing s t e e l  gas c y l i n d e r ,  10 ,  i n t o  t h e  adsorp t ion  system. 
The d i f f e r e n t  gas mixtures  were prepared i n  t h i s  labora tory  fol lowing a  
procedure d iscussed  i n  Appendix D. Heat exchanger 8 s e w e d  t h e  purpose 
of  br inging t h e  gas mixture temperature c l o s e r  t o  t h a t  of t he  adsorp t ion  
c e l l  e f f l u e n t  stream. The temperature of  t h e  adsorp t ion  v e s s e l  was s e t  
a s  descr ibed above i n  t h e  pure gas isotherm appara tus  s ec t ion .  From the  
hea t  exchanger,  t h e  adsorpt ion v e s s e l  e x i t  stream was d i v e r t e d  e i t h e r  t o  a  
flowmeter, 18,  o r  to a  gas chromatographic ana lyze r ,  19. D e t a i l s  of t h i s  
l a t t e r  instrument c a l i b r a t i o n  and i t s  ope ra t ing  cond i t i ons  a r e  d iscussed  
i n  Appendix E. I n  t he  desorpt ion s t age  of t h e  experiment,  c r y o s t a t  2 was 
removed, and e l e c t r i c  h e a t e r s  were placed a g a i n s t  t h e  su r f ace  of t h e  ad-  
so rp t ion  ves se l .  The desorbed gas mixture was then t r a n s f e r r e d  t o  a  c a l i -  
b ra t ed  g l a s s  sample r e s e r v o i r ,  15, equipped with a magnetic stirrer, 16. 
A sample c o l l e c t o r ,  17, connected t o  both t h e  sample r e s e r v o i r  15 and t o  
t he  gas chromatograph 19 was used t o  analyze the  sample r e s e r v o i r  conten t .  
Gas r e s e r v o i r  6 ,  used i n  determining t h e  pure i so therms,  was included in 
t h i s  appara tus  a s  a. helium sweep gas conta iner .  The helium gas was used 
t o  purge t h e  carbon adsorbent  and tubing  network t o  i n s u r e  t h a t  a l l  t h e  
adsorba te  had been t r a n s f e r r e d  t o  sample r e s e r v o i r  15. Equil ibr ium pres-  
su re  measurements were performed wi th  mercury-in-glass manometers 13  and 
14 and Bourdon-type gauges P1 and P3. 
E x ~ e r i m e n t a l  P rocedure  
- - 
Adsorbent  Regenera t ion  
Removal o f  t h e  a d s o r b a t e  from t h e  carbon a d s o r b e n t  p r i o r  t o  any 
a d s o r p t i o n  c a p a c i t y  measurement was r e q u i r e d .  The r e g e n e r a t i o n  p r o c e d u r e  
was dependent  on thle i s o t h e m  measurement t e c h n i q u e s  fo l lowed .  
P r e l i m i n a r y  Regenera t ion .  Once t h e  a c t i v a t e d  carbon sample was 
p l a c e d  i n  t h e  a d s o r p t i o n  vessel ( s e e  Appendices B and F ) ,  a  p r e l i m i n a r y  
c o n d i t i o n i n g  o f  t h e  a d s o r b e n t  was fo l lowed .  The a d s o r p t i o n  c e l l  was f i r s t  
degassed  a t  room t e m p e r a t u r e  under  vacuum f o r  abou t  twenty  h o u r s  and  t h e n  
degassed  a t  abou t  1 2 0 ~ ~  under  vacuum f o r  a n o t h e r  one  and a h a l f  h o u r s  t o  
remove w a t e r  vapor .  As t h e  e v a l u a t i o n  o f  t h e  dead (void)  s p a c e s  o f  t h e  
p u r e  g a s  i s o t h e r m  a p p a r a t u s  was n e x t  accompl i shed ,  open ing  o f  p a r t s  o f  t h e  
sys tem was r e q u i r e d .  T h e r e f o r e ,  once  t h e  v o i d  s p a c e  measurements were  
completed  a new regenera t i -on  o f  t h e  a d s o r b e n t  was performed. The a d s o r p -  
t i o n  v e s s e l  was degassed  a t  a b o u t  1 3 0 ' ~  f o r  one  and a h a l f  h o u r s .  The 
c e l l  was now r e a d y  f o r  t h e  p u r e  g a s  i s o t h e r m  measurements.  
Pure  Gas I s o t h e m  E;xperiments. As a g e n e r a l  r u l e  d e g a s s i n g  a t  
room t e m p e r a t u r e  under  vaciuum was performed between e v e r y  i s o t h e r m  d e t e r -  
0 
m i n a t i o n .  However, i n  some c a s e s  h e a t i n g  t o  abou t  130 C under  vacuum was 
accompl ished t o  check  t h e  g e n e r a l  o p e r a t i n g  c o n d i t i o n s  o f  t h e  a p p a r a t u s .  
Dur ing  t h o s e  i n t e r v a l s  when no e x p e r i m e n t s  were  underway, c o n t i n u o u s  
vacuum a t  room t e m p e r a t u r e  was a p p l i e d  t o  t h e  system. G e n e r a l l y  a vacuum 
2 
b e t t e r  than  t e n  m i l l i t o r r  (1.3332 ~ / m  ) was o b t a i n e d .  
Gas M i x t u r e  I s o t h e r m  Exper iments .  S i n c e  t h e  g a s  m i x t u r e  a d s o r p t i o n  
a p p a r a t u s  s e t - u p  re lqui red  open ing  p a r t s  o f  t h e  p u r e  g a s  i s o t h e m  equipment ,  
a p r e l i m i n a r y  r e g e n e r a t i o n  was made o f  t h e  a d s o r b e n t  b e f o r e  a c t u a l  e x p e r i -  
mental measurements f o r  gas  mixtures  were performed. The adsorp t ion  c e l l  
was heated t o  about: 1 3 0 ' ~  under vacuum f o r  about one and a  h a l f  hours.  
I n  t h e  adsorbate  desorpt ion hea t ing  of  t he  adsorp t ion  c e l l  t o  about 
0 100 C and purging the  system wi th  helium gas was used a s  t h e  regenera t ion  
procedure. During those  i n t e r v a l s  when no experiments were run ,  cont inu-  
ous vacuum a t  room temperature was app l i ed  t o  t h e  system. 
Pure Gas Isotherm Determination Procedure 
The ope ra t ion  procedure f o r  t h e  experimental  determinat ion o f  pure 
gas adsorp t ion  capa .c i t ies  i s  summarized below. Reference i s  made t o  t h e  
schematic diagram given i n  Figure 1. Valves a r e  designated by V ' s .  
Prel iminary Steps.  With va lves  V2, V3, V4, V5, and V8 open and V7 
c losed ,  vacuum i s  a t t a i n e d  i n  the  system by opening va lves  V l  and V6. 
Water thermostat  7  i s  ad jus t ed  t o  the  s e l e c t e d  tempera ture- -300~ i n  t h i s  
experimental  program. Cryos ta t  2  i s  ad jus t ed  t o  t h e  temperature l e v e l  of 
t he  experiment,  i . e .  t o  301.4 K ,  260.2 K ,  o r  212.7 K. 
F i r s t  Gas Addition. Valves V 1 ,  V2, V3, V4, and V6 a r e  closed.  
Manometer 5 i s  used t o  read the  pressure  i n  t h e  f i r s t  t r a n s f e r  of  gas t o  
t h e  adsorp t ion  space. The s e l e c t e d  gas i s  admit ted t o  gas r e s e r v o i r  6  by 
opening V7 and monitor ing manometer 5. V7 i s  c losed .  When cond i t i ons  
become s t a b l e ,  t h e  thermostat  temperature,  manometer p re s su re ,  and room 
temperature and pressure  a r e  recorded. The gas i s  admit ted now t o  adsorp- 
t i o n  v e s s e l  1 by opening V2. When adsorp t ion  equi l ibr ium i s  a t t a i n e d  the  
new reading of manometer 5 i s  recorded and va lve  V2 i s  closed.  
Addit ional  G i z ~  Transfers .  The procedure i s  repea ted  f o r  h ighe r  
equi l ibr ium pressures .  Depending on t h e  pressure  l e v e l ,  t h e  app ropr i a t e  
p re s su re  measuring device i s  s e l e c t e d  by opening o r  c l o s i n g  va lves  V3, V4, 
and V8. A new amount o f  g a s  is a d m i t t e d  t o  g a s  r e s e r v o i r  6  and  t r a n s -  
f e r r e d  t o  t h e  a d s o r p t i o n  space  a f t e r  r e c o r d i n g  t h e  a p p r o p r i a t e  v a r i a b l e s .  
The p r e l i m i n a r y  s t e p s  s t a t e d  above are f o l l o w e d  once  t h e  f i n a l  e q u i l i b r i u m  
p o i n t  i n  t h e  i s o t h e r m  d e t e r m i n a t i o n  i s  reached .  
Gas Mix tu re  I s o t h e r m  Dete rmina t ion  Procedure  
The opera t ic ln  p rocedure  f o r  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  g a s  
m i x t u r e  a d s o r p t i o n  c a p a c i t i e s  i s  summarized below. Refe rence  i s  made t o  
t h e  schemat ic  d iagram g iven  i n  F i g u r e  2. 
P r e l i m i n a r y  S t e p s .  Water t h e r m o s t a t  7  i s  a d j u s t e d  t o  t h e  s e l e c t e d  
t e m p e r a t u r e ,  i .e.  30 '~ .  C r y o s t a t  2  i s  s e t  t o  t h e  t e m p e r a t u r e  l e v e l  o f  t h e  
exper imen t .  Gas chromatograph ic  a n a l y z e r  19  i s  p l a c e d  i n  o p e r a t i o n .  
The a d s o r p t i o n  s e c t : i o n ,  as c h a r a c t e r i z e d  by a d s o r p t i o n  c e l l  1 and  
r e g e n e r a t e d  as d e s c r i b e d  a.bove i n  t h i s  c h a p t e r ,  i s  m a i n t a i n e d  under  vacuum 
c o n d i t i o n s  by c l o s i n g  v a l v e s  V2, V6, V9, V10, V15, V18, V19, V22, V27, 
and V16 o r  V17, depending on t h e  p r e s s u r e  l e v e l  o f  t h e  e x p e r i m e n t ,  and 
o p e n i n g  v a l v e s  V 1 ,  Y14, and V20. 
Va lves  V 1  anti V20 a r e  now c l o s e d .  The he l ium purge  g a s  s e c t i o n ,  
a s  c h a r a c t e r i z e d  by g a s  r e s e r v o i r  6 ,  i s  e v a c u a t e d  by c l o s i n g  v a l v e s  V4, 
V7, and V 8  and  open ing  V 3 ,  V5, and V6. Once e v a c u a t e d ,  v a l v e  V6 i s  c l o s e d  
and he l ium sweep g a s  i s  a d m i t t e d  t o  t h i s  s e c t i o n  by open ing  V7 and moni- 
t o r i n g  gauge P3. V 7  i s  c l o s e d .  
Adsorp t ion  Procedure .  When a l l  i n s t r u m e n t s  and v a r i a b l e s  i n  t h e  
sys tem are s t a b i l i z e d  t h e  f e e d  g a s  s u p p l y  s e c t i o n  i s  e v a c u a t e d  by c l o s i n g  
c o n t r o l  v a l v e  9 ,  v a l v e s  V13 and V28, and open ing  V26 and V27; V26 and V27 
are then  c l o s e d .  Valve  9  i s  opened and t h e  g a s  supp ly  t o  t h e  a d s o r p t i o n  
s e c t i o n  i s  a d j u s t e d  t o  t h e  approx imate  p r e s s u r e  d e s i r e d  w i t h  p r e s s u r e  
r e g u l a t o r  9  and moni to r ing  gauges P1 o r  P2. V12 i s  now opened. Valve 
V 1 1  i s  s l i g h t l y  opened and s e r v e s  a s  a  f i n e  flow r e g u l a t o r .  Valve V10 i s  
opened a l l owing  t h e  gas  mix ture  t o  flow through t h e  adso rp t i on  c e l l  and 
o u t  t o  t h e  flowmeter. The flow r a t e  i s  a d j u s t e d  w i t h  v a l v e  V 1 1  t o  between 
3 3 
100 and 250 cm /min (1.7 t o  4.2 cm I s ) ,  a s  measured a t  t h e  o u t l e t  w i t h  a  
w e t - t e s t  mete r  under  approximately  one atmosphere p r e s s u r e  and room tem- 
p e r a t u r e .  F i n a l  ad jus tments  of  t h e  system p r e s s u r e  a r e  made w i t h  p r e s s u r e  
r e g u l a t o r  9. 
While t h e  flow system proceeds  towards e q u i l i b r i u m ,  sample r e s e r -  
v o i r  15 i s  evacuated.  Valves V24 and V25 a r e  c l o s e d  and V21, V22, and 
V23 a r e  opened. The f eed  gas  i s  ana lyzed  by opening V26 and V28 and pass -  
i n g  t h e  g a s  mix ture  t o  gas  chromatographic ana lyze r  19 sample va lve .  
Valves V26 and V28 a r e  c losed .  The e x i t  s t ream i s  p e r i o d i c a l l y  ana lyzed  
by c l o s i n g  V12 and opening V 1 3  and V28 t o  ga s  ana lyze r  19. Then V12 i s  
opened, and V 1 3  and V28 a r e  aga in  c lo sed .  
When i n l e t  and e x i t  s t reams  reach  t h e  same composi t ion,  a d s o r p t i o n  
e q u i l i b r i u m  i s  assumed t o  e x i s t .  The adso rp t i on  space  i s  now i s o l a t e d  by 
c l o s i n g  v a l v e s  V9 and V10. The main ga s  supply i s  c l o s e d ,  and, t h e  tem- 
p e r a t u r e s  of  t h e  system and p r e s s u r e  a t  e q u i l i b r i u m  a r e  then recorded.  
The c r y o s t a t  i s  now removed and e l e c t r i c  h e a t e r s  a r e  p laced  about  t h e  ad -  
s o r p t i o n  c e l l .  The tempera ture  o f  t h e  c e l l  i s  i n c r e a s e d  g r a d u a l l y  t o  a  
0 
maximum of  about  100 C. 
Valve V19 i s  now c lo sed  and t h e  gas  m ix tu r e  con t a ined  i n  t h e  ga s  
r e s e r v o i r  i s  al lowed t o  mix f o r  about  f i v e  minutes ,  t h e  p r e s s u r e  be ing  r e -  
corded du r ing  t h i s  t ime. Samples a r e  then taken w i t h  sample c o l l e c t o r  17 
by opening V24. A f t e r  sampling,  V24 i s  c lo sed .  The gas  sample i s  now 
analyzed by al lowing i t  t o  flow t o  ana lyzer  19. Analyses a r e  repea ted  a s  
needed. Before cont inuing  wi th  t h e  next  t r a n s f e r ,  the  r e s e r v o i r  i s  evacu- 
a t e d  by opening V22.. 
The desorp t ion  and t r a n s f e r  procedure i s  repea ted ,  a s  descr ibed  
before ,  u n t i l  a  pressure  l e s s  than one atmosphere i s  ind ica t ed  by manom- 
e t e r  14. When t h i s  occurs  helium gas i s  used t o  purge t h e  adsorp t ion  sys-  
tem by opening va lve  V2. S u f f i c i e n t  gas i s  admit ted t o  t he  system so a s  
t o  i nc rease  t h e  pressure  i.n gas  r e s e r v o i r  15 t o  about one and one h a l f  
atmospheres, Valve V19 i s  again c losed ,  t h e  a n a l y s i s  procedure being 
followed a s  explained above. The helium purge gas method i s  continued 
u n t i l  a n a l y s i s  of t h e  gas r e s e r v o i r  content  shows components present  i n  
l e s s  than two mole percent ,  A t  t h i s  point  t h e  desorpt ion procedure i s  
te rmina ted ,  and t h e  equipment prepared f o r  a  new adsorp t ion  measurement, 
The e l e c t r i c  h e a t e r s  a r e  disconnected,  V2 and V19 a r e  c lo sed ,  and V20 i s  
opened t o  a l low evacuation of t h e  adsorp t ion  space. 
CHAPTER 111 
EXZERIMENTAL RESULTS AND DISCUSSION 
Pure  Gas I so therms  
The exper imenta l  a p p a r a t u s  and procedure  used i n  t h e  d e t e r m i n a t i o n  
o f  pure  g a s  i s o t h e r m  d a t a  have been d e s c r i b e d  i n  Chapter  II. The e x p e r i -  
menta l  a d s o r p t i o n  measurements, made f o r  a c e r t a i n  pure  g a s  a t  c o n s t a n t  
t empera tu re ,  s u p p l i e d  exper imenta l  raw d a t a  which were reduced t o  a set 
o f  e q u i l i b r i u m  p r e s s u r e s  and adsorbed c a p a c i t i e s  by s o l v i n g  a m a t e r i a l  
b a l a n c e  on t h e  system. According t o  t h e  Gibbs d e f i n i t i ~ n , ~ ~  t h e  number 
o f  moles ,  n '  adsorbed by t h e  s o l i d  adsorben t  a t  each p o i n t  on t h e  i s o -  
0 '  
t h e m  i s  t h e  t o t a l  ,number o f  moles o f  g a s  added t o  t h e  a d s o r p t i o n  c e l l  
from t h e  g a s  r e s e r v o i r  ( s e e  F i g u r e  1) less t h e  number o f  moles i n  t h e  g a s  
phase  above t h e  s o l : i d ,  i .e .  t h e  dead o r  v o i d  space .  That i s  
k  
n '  = 
0 ZRT 
j=1 
- R i 
i=l 
where n '  co r responds  t o  t h e  moles o f  pure  g a s  adsorbed.  The f i r s t  summa- 
0 
t i o n  c o n t a i n s  t h e  moles o r  dose  added i n  each increment  up t o  t h e  p r e s s u r e  
o r  e q u i l i b r i u m  point: o f  i n t e r e s t ,  k ,  where j r e p r e s e n t s  t h e  dose  number. 
P j ,  V j ,  and T .  a r e  e x p e r i m e n t a l l y  measured v a l u e s ,  and Z .  be ing  e v a l u a t e d  
J J 
a t  T and P.. from a BWR e q u a t i o n  o f  s t a t e  f o r  t h e  subs tance .  The second 
j J 
term c o n t a i n s  t h e  e q , u i l i b r l u m  p r e s s u r e  o f  t h e  a d s o r p t i o n  system,  t h e  v o i d  
0 
space  volumes, Vi ,  de termined by hel ium g a s  displacemont  and t h e i r  c o r r e s -  
ponding t e m p e r a t u r e s ,  Ti, and t h e  c o m p r e s s i b i l i t y  f a c t o r  o f  t h e  g a s ,  Zi, 
e v a l u a t e d  a t  T ,  and P from t h e  same e q u a t i o n  o f  s t a t e ;  i r e f e r s  t o  t h e  
1 
d i f f e r e n t  v o i d  space volumes and r t o  t h e i r  t o t a l  number. The BWR param- 
e t e r s  used i n  t h i s  e q u a t i o n  a r e  g iven  i n  Tab le  5 i n  Appendix I?. 
The moles of' g a s  adsorbed were f i n a l l y  e x p r e s s e d  p e r  gram o f  a d -  
s o r b e n t  a s  
The complete  c a l c u l . a t i o n ,  s t a r t i n g  w i t h  raw e x p e r i m e n t a l  d a t a ,  was 
performed on a UNIVAC 1108 computer w i t h  FORTRAN I V  program PISOTH ex-  
p l a i n e d  b r i e f l y  i n  Appendix L. 
Pure  g a s  i s o t h e r m  d a t a  f o r  methane,  e t h a n e ,  e t h y l e n e ,  and carbon 
d i o x i d e  a t  212.7 K ,  260.2 K ,  and 301.4 K a r e  given i n  Tab les  3 ,  4 ,  5 ,  and 
6  i n  Appendix G. O r i g i n a l l y ,  some carbon d i o x i d e  measurements were p e r -  
formed i n  o r d e r  t o  check t h e  o p e r a t i o n  o f  t h e  a p p a r a t u s  by reproduc ing  
some o f  ~ o ~ e r s ' s ? ~  d e t e r m i n a t i o n s  o f  t h i s  g a s  on h i s  carbon sample. A s  
t h e  exper imenta l  r e s u l t s  o f  t h e s e  tests showed, i n  g e n e r a l ,  a s i g n i f i c a n t  
d i f f e r e n c e  w i t h  r e s p e c t  t o  t h e  v a l u e s  o b t a i n e d  by (as  d i s c u s s e d  
l a t e r  i n  t h i s  c h a p t e r ) ,  i t  was dec ided  t o  measure t h e  complete  set o f  
carbon d i o x i d e  a d s o r p t i o n  i so therms  s o  as t o  p rov ide  a  c o n s i s t e n t  s e t  o f  
d a t a  t h a t  cou ld  be used l a t e r  i n  t h e  c o n s t r u c t i o n  o f  t h e  c h a r a c t e r i s t i c  
c u r v e  f o r  pure  gases .  A g r a p h i c a l  r e p r e s e n t a t i o n  of t h e s e  r e s u l t s  i s  
given in Figures 3, 4, an d 5. For each t empera tu re  l e v e l  t h e  a d s o r p t i o n  
c a p a c i t i e s  o f  t h e  f o u r  g a s e s ,  n  appear  as o r d i n a t e s  a g a i n s t  t h e  e q u i -  
o i '  
l i b r i u m  p r e s s u r e  a s  a b s c i s s a s .  Adsorpt ion c a p a c i t i e s  f o r  methane and 
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F igure  5. Pure Gas Isotherms a t  212.7 K 
carbon d i o x i d e  were measured up t o  abou t  550 p s i a  and f o r  e t h a n e  and 
e t h y l e n e  up t o  abou t  250 p s i a .  Maximum e q u i l i b r i u m  p r e s s u r e s  a t  t h e  lower 
t empera tu re  l e v e l s  were l i m i t e d  by t h e  s u b s t a n c e  vapor  p r e s s u r e s  which 
a r e  shown i n  F i g u r e s  4 and 5. Some d a t a  p o i n t s  a r e  o m i t t e d  f o r  t h e  sake  
o f  c l a r i t y ,  
F i g u r e s  3 ,  4 - ,  and -5 show a s i m i l a r  a d s o r p t i o n  i s o t h e r m  shape f o r  
methane,  e t h a n e ,  and e t h y l e n e ;  e t h a n e  and e t h y l e n e  hav ing  abou t  e q u a l  ad-  
s o r p t i o n  c a p a c i t i e s  a t  a l l  t h r e e  t empera tu re  l e v e l s  and methane showing a 
much lower c a p a c i t y .  Carbon d i o x i d e  i s o t h e r m s  have ,  i n  g e n e r a l ,  g r e a t e r  
s l o p e s  and show g r e a t e r  a d s o r p t i o n  c a p a c i t i e s  than t h e  o t h e r  t h r e e  gases .  
A l l  pure  g a s  i s o t h e r m s  i n  t h i s  work were r e p e a t e d  a t  least once t o  
check r e p r o d u c i b i l i t y  and t o  i n c r e a s e  t h e  number o f  d a t a  p o i n t s ,  I n  ad-  
d i t i o n ,  r e p e t i t i o n s  were done a t  s e v e r a l  s t a g e s  o f  t h e  e x p e r i m e n t a l  pro-  
gram, As a l l  pure  gas  i so therms  were measured f i r s t  and fo l lowed  by t h e  
b i n a r y  and t e r n a r y  m i x t u r e  i so therm d e t e r m i n a t i o n s ,  r e p e t i t i o n s  o f  pure  
g a s  i s o t h e r m s  o f  carbon d i o x i d e  and e t h y l e n e  were done b e f o r e  s t a r t i n g  t h e  
m i x t u r e s  and a t  t h e  end o f  t h e  exper imenta l  program. These r e p r o d u c i b i l -  
i t y  checks  s e r v e d  t h e  double  purpose  o f  v e r i f y i n g  pure  i s o t h e r m  r e p r o -  
d u c i b i l i t y  and a d s o r b e n t  i n v a r i a n c e  d u r i n g  t h e  whole exper imenta l  work. 
Th i r ty - two  pure  g a s  a d s o r p t i o n  i s o t h e r m s  were determined o v e r  a p e r i o d  o f  
two months ( see  Tabl-es 8 t o  11 i n  Appendix G), and twenty-seven g a s  mix- 
t u r e  i s o t h e r m s  o v e r  a subsequent  p e r i o d  o f  t h r e e  months ( s e e  T a b l e s  12 t o  
1 5  i n  Appendix G), a s i n g l e  a c t i v a t e d  carbon sample be ing  used o v e r  t h e  
t o t a l  p e r i o d  o f  exper imenta t ion .  R e p r o d u c i b i l i t y  of  pure  g a s  i s o t h e r m s  
i s  w i t h i n  + 1%. The f i n a l  pure  e t h y l e n e  i so therm obtai.ned a t  t h e  end o f  
t h i s  work shows a r e p r o d u c i b i l i t y  o f  abou t  t 2% w i t h  r e s p e c t  t o  i s o t h e r m s  
measured a t  t he  beginning of i t .  
Since a l l  experimental measurements were d i r e c t e d  t o  ob ta in ing  
equi l ibr ium d a t a ,  s u f f i c i e n t  time was allowed wi th  each equi l ibr ium mea- 
surement t o  i n s u r e  a t t a i n i n g  t h i s  requi red  s t a t e .  A number of  experiments 
were run i n  which the  adsorp t ion  pressure  was recorded a s  a  func t ion  of  
time. These t e s t s  provided information regard ing  t h e  time r equ i r ed  t o  
approach equi l ibr ium. About 30-40 minutes were requi red  a t  301.4 K,  and 
about 30-60 minutes a t  212.7 K,  t h e  va lues  depending on t h e  pressure  l e v e l  
and the  p a r t i c u l a r  gas  i nves t iga t ed .  I n  gene ra l ,  about 20-30 minutes were 
allowed before  s t a r t i n g  t o  record pressure  aga ins t  t ime i n  a l l  equi l ibr ium 
measurements. The system was considered t o  be i n  equi l ibr ium when t h e  
pressure  became time independent. 
An e r r o r  a n a l y s i s  was attempted f o r  t h e  pure gas isotherm measure- 
ments; i t  i s  d iscussed  i n  d e t a i l  i n  Appendix H. A s  a  reasonable approxi-  
mation i t  i s  be l ieved  t h a t  t he  maximum e r r o r  involved i n  these  measurements 
i s  between 5 and 8%. A s  the  probable e r r o r  must be smal le r  than these  
va lues  due t o  re1at:ive e r r o r  c a n c e l l a t i o n ,  i t  i s  thought t h a t  t h e  genera l  
p rec is ion  of t h e  pure gas isotherms i s  wi th in  ? 3 t o  4%. Actual repro-  
d u c i b i l i t i e s ,  a s  i nd ica t ed  above, were wi th in  4 1 t o  2%. 
Gas Mixture Isotherms 
The experimental appara tus  and procedure used i n  t h e  determinat ion 
of  gas  mixture isotherm d a t a  have been discussed i n  Chapter 11. The raw 
d a t a  provided by the  experimental measurements, made f o r  a  gas  mixture of 
f i xed  composition and a t  cons tan t  temperature,  were reduced t o  a  s e t  o f  
equi l ibr ium p res su res  and amount adsorbed f o r  each component i n  t h e  ad- 
s o r b a t e  s o l u t i o n  by s o l v i n g  a m a t e r i a l  b a l a n c e  on t h e  system. According 
t o  t h e  Gibbs d e f i n i t i o n  ,53 t h e  adsorbed amount o f  a c e r t a i n  component i 
a t  each  p o i n t  on t h ~ e  i s o t h e r m ,  n '  i s  e v a l u a t e d  as t h e  d i f f e r e n c e  between 
i ' 
t h e  t o t a l  amount o f  component t h a t  i s  t r a n s f e r r e d  t o  t h e  sample r e s e r v o i r  
by d e s o r p t i o n  ( see  F i g u r e  2) and t h e  non-adsorbed amount i n i t i a l l y  p r e s e n t  
i n  t h e  a d s o r p t i o n  s p a c e ,  a t  t h e  e q u i l i b r i u m  tempera tu re  and p r e s s u r e  o f  
t h e  system: 
where (ni) i s  t h e  t o t a l  number of  moles o f  component i t r a n s f e r r e d  
s y s  tem 
from t h e  a d s o r p t i o n  system t o  t h e  sample r e s e r v o i r ;  yi i s  t h e  component i 
composi t ion i n  t h e  Eeed gas  m i x t u r e ;  P i s  t h e  e q u i l i b r i u m  p r e s s u r e  i n  t h e  
a d s o r p t i o n  space ;  v(: i s  t h e  v o i d  space  volume o f  s e c t i o n  j o f  t h e  adsorp-  
-1 
t i o n  space  a t  t h e  cor responding  t empera tu re ,  T , and Z . i s  t h e  compress i -  
j mj 
b i l i t y  f a c t o r  o f  t h e  g a s  m i x t u r e s  a t  T P,  and E y i )  as e v a l u a t e d  from t h e  
j' 
BWR e q u a t i o n  o f  s ta te  f o r  t h e  m i x t u r e  u s i n g  t h e  pure  gas  pa ramete rs  g iven  
3. i n  Tab le  5 ,  Appendix F ,  and t h e  parameter  mixing r u l e s  o f  Benedic t  et a l . ,  
r i s  t h e  number o f  v o i d  spaces .  
The moles o f  component i were f i n a l l y  e x p r e s s e d  p e r  gram o f  ad-  
s o r b e n t  as 
The complete c a l c u l a t i o n ,  s t a r t i n g  w i t h  raw e x p e r i m e n t a l  d a t a ,  was 
performed w i t h  program MISOTH, e x p l a i n e d  b r i e f l y  i n  Appendix L. 
Methane, e t h a n e ,  and e t h y l e n e  b i n a r y  g a s  i s o t h e r m s  a t  212.7 K ,  
260.2 K ,  and 301.4 K a r e  p resen ted  i n  Tables  12 ,  13,  and 14 i n  Appendix 
G. Methane, e t h a n e ,  and e thy l ene  t e r n a r y  gas  isothernls  a t  212.7 K and 
301.4 K a r e  given i.n Table  15 i n  t h e  same appendix.  Rinary adso rp t i on  
c a p a c i t y  d a t a  were measured up t o  about  300 p s i a  and t e r n a r y  d a t a  up t o  
about  400 p s i a .  
A g r a p h i c a l  r e p r e s e n t a t i o n  of  some mix ture  d a t a  i s  presen ted  i n  
F igu re s  6  t o  11; f o r  each ga s  m ix tu r e  composit ion t h e  adso rp t i on  capac i -  
t i e s  o f  t h e  d i f f e r e n t  components i n  t h e  adso rba t e  s o l u t i o n s ,  n  appear  i '  
a s  o r d i n a t e s  a g a i n s t  t h e  gas  phase p a r t i a l  p r e s s u r e s  of  t h e  same compo- 
n e n t s  a s  a b s c i s s a s .  The pure  gas  i so therms  a r e  a l s o  i nc luded  i n  t h e  same 
f i g u r e s  f o r  t h e  purpose o f  comparing adso rp t i on  c a p a c i t i e s  a t  equa l  pa r -  
t i a l  p r e s su re s .  Some d a t a  p o i n t s  a r e  omi t ted  f o r  t h e  sake of  c l a r i t y .  
F igu re s  6 ,  7 ,  and 8 r e p r e s e n t  exper imenta l  ad so rp t i on  d a t a  f o r  
methane-ethylene ga s  m ix tu r e s ,  t h e  methane con t en t  be ing  i nc r ea sed  from 
about  25 mol % t o  about  75 mol %. For low methane ga s  c o n c e n t r a t i o n s  t h e  
amount o f  e t h y l e n e  adsorbed can be r ep r e sen t ed  approx imate ly ,  a t  a l l  
v a l u e s  o f  T, by i t s  adso rp t i on  c a p a c i t y  a s  a  pure  ga s  a t  a  f i x e d  p a r t i a l  
p r e s su re .  The amouint of  e t hy l ene  adsorbed from a known methane-ethylene 
ga s  mix ture  a t  low methane con t en t  may then be e s t ima t ed  a t  T and P from 
i t s  pure  gas  i so therm and i t s  p a r t i a l  p r e s su re .  Th i s  i s  no t  t h e  c a s e  f o r  
methane,  which i s  g r e a t l y  a f f e c t e d  by t h e  p resence  of  e t hy l ene  i n  t h e  ad-  
s o r b a t e  mix ture .  The same r e s u l t  i s  ev iden t  f o r  methane-ethane gas  mix- 
t u r e s  o f  low methane con t en t  ( see  Table  12 i n  Appendix G) . However, f o r  
h i g h e r  methane c o n c e n t r a t i o n s  i n  t h e  gas  phase t h i s  behavior  i s  no l onge r  
v a l i d  a s  may be seer1 from F igu re  8;  i n t e r a c t i o n s  between t h e  ga se s  a r e  
e v i d e n t  and adsorpt i -on c a p a c i t i e s  f o r  t he  components cannot  be e s t ima t ed  
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Figure 6. Methane-Ethylene Isotherms (26.0-74.0 mol %) 
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Figure 7. Methane-Ethylene Isotherms (53.6-46.4 mol %) 
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d i r e c t l y  from pure gas adsorption data and p a r t i a l  pressures a t  a f ixed 
temperature. 
Figures 9, 10, and 11 represent  experimental adsorption data f o r  
ethane-ethylene and methane-ethane-ethylene gas mixtures, the  t e rnar ies  
having an ethane-ethylene mole r a t i o  approximately equal t o  i t s  corres-  
ponding ethane-ethylene binary. This molar r a t i o  increases from about 
0.30 i n  Figure 9 t o  about 2.1 i n  Figure 11. Methane capac i t i e s  a r e  pre-  
sented i n  Figure 9 only i n  order t o  simplify the diagrams; low temperature 
capac i t i e s  a r e  p lo t t ed  i n  Figure 11 only f o r  the  same reason. 
A l l  three  f igures  show t h a t  component in te rac t ions  a r e  present  i n  
the  adsorbate phase and t ha t  the estimation of component capac i t i e s  so le ly  
from pure adsorption data and the p a r t i a l  pressures of the components a t  
a f ixed temperature i s  no t  possible.  The capac i t i e s  of the d i f f e r en t  
components a r e  s ign. i f icant ly  reduced with respect  to  t h e i r  adsorption a s  
pure gases a t  a t o t a l  pressure equal t o  the p a r t i a l  pressure of the  com- 
ponents i n  the mixtures. This e f f e c t  i s  apparent a t  all considered tern- 
peratures . 
These f igures  show tha t  ternary gas adsorption isotherms behave, 
i n  general ,  i n  a fashion s imi la r  t o  binary mixtures w i t h  the same ethane- 
ethylene molar r a t i o  a t  low methane contents.  In Figure 10, where the 
methane content i s  g rea te r  (about 62 mol %) ternary curves depart  from 
the  b inar ies ,  showing tha t  an increased methane-ethane and methane- 
ethylene in te rac t ion  i s  present .  
Figures 10 and 11 reveal t ha t  i n  ethane-ethylene gas mixture ad- 
sorption ethane i s  more strongly adsorbed than ethylene; t h i s  i s  c l e a r  
i n  Figure 10 where the ethylene content i n  the gas phase i s  l a rge r  than 
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Figure 9. Ethane-Ethylene Isotherms (24.0-76.0 mol %) 
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Figure 11. Ethane-Ethylene Isotherms (68.2-31.8 mol %) 
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ethane (molar r a t i o  ethane-ethylene = 0.89). 
The conclusi.on reached from the complete s e t  of gas mixture adsorp- 
t ion  data i s  t h a t  t:he methane adsorption capaci t ies  a r e  approximately 
temperature independent between 212.7 K and 301.4 K.  This unexpected be- 
havior may be explained by means of a physical representat ion where the 
adsorbent micropore volume i s  being f i l l e d  with adsorbate. The k i n e t i c  
r e s u l t s ,  t o  be presented i n  the  next  section of t h i s  chapter ,  show a 
strong i n i t i a l  adsorption of ethane and/or ethylene i n  the  presence of 
methane. This suggests t ha t  the methane i s  adsorbed only a f t e r  the  pores 
a r e  e s s en t i a l l y  f i l l e d  with ethane o r  ethylene. As the  ethane o r  ethylene 
adsorption i s  enhanced a t  lower temperatures, the space ava i l ab le  f o r  
methane would be reduced, t h i s  e f f ec t  being cancelled by i t s  g r ea t e r  ad- 
sorption capacity ai: these temperatures. 
Several binary gas mixture adsorption measurements a t  d i f f e r en t  
equilibrium temperat:ures and pressures were repeated t o  check reproduci- 
b i l i t y .  A summary of these data i s  given i n  Table 16 i n  Appendix G. 
Reproducibility of the measurements was accomplished with a maximum devi- 
a t i on  of 5.5% and an average of + 1.3%. 
As a l l  experimental measurements were di rected t o  obtaining t r ue  
equilibrium data ,  a check was made of the e f f e c t  of the gas flow r a t e  
through the  adsorbent bed on the  adsorption c e l l  e f f luen t  stream; a too 
high flow r a t e  could r e s u l t  i n  an e f f luen t  gas stream t h a t  was no t  i n  
equilibrium with the adsorbate mixture. To ve r i f y  t h i s  poss ible  e f f e c t  
t he  feed gas flow r a t e  was reduced i n  some experiments, a f t e r  the  system 
seemed t o  be a t  equilibrium, i. e . ,  when feed gas and e f f luen t  compositions 
were e s sen t i a l l y  the same. The r a t e  was reduced t o  one ha l f  and then t o  
one e ighth  of t h e  normal flow r a t e ;  no change was observed i n  t h e  e f f l u -  
e n t  gas compositiorl. 
An e r r o r  a n a l y s i s  was attempted f o r  the  gas mixture isotherm mea- 
surements; i t  i s  discussed i n  Appendix H .  The maximun~ random e r r o r  
involved i n  these  dieteminat ions i s  thought t o  be between 6 and 10% f o r  
C H and C2H4, and between 10 and 20% f o r  CH4, a s  a reasonable approxi- 2 6 
mation. A probable e r r o r ,  smaller  than these  va lues ,  i s  supported by t h e  
f a c t  t h a t  gas mixture adsorpt ion r e p r o d u c i b i l i t i e s  of about 2 2% were 
obtained . 
Kinet ic  Resul t s  
Some binary  <and ternary  k i n e t i c  da ta  were determined i n  t h i s  
experimental s tudy.  A sample of these  r e s u l t s ,  presented i n  Figure  12  
and i n  Figures 30, 31, and 32 i n  Appendix G, i s  of an approximate n a t u r e  
and only serves  f o r  q u a l i t a t i v e  purposes. 
Figure 12  represents  a k i n e t i c  evaluat ion of t h e  adsorpt ion  of an 
ethane-ethylene gas mixture high i n  e thylene  content  (ethane-ethylene 
molar r a t i o  = 0.32) a t  212.7 K and an equil ibr ium pressu re  of 59 p s i a .  
The graphica l  r ep resen ta t ion  shows c l e a r l y  t h a t  i n i t i a l l y  i t  i s  ethane 
which i s  adsorbed the  f a s t e r ;  t h i s  e f f e c t  l e v e l s  off  l a t e r ,  and then 
e thylene  seems t o  con t ro l  t h e  adsorpt ion u n t i l  equil ibr ium i s  a t t a i n e d .  
This ethane behavior was found a t  a l l  t h ree  ethane-ethylene molar r a t i o s  
and both i n  binary and t e rna ry  gas mixtures.  
Figures 30, 31, and 32 i n  Appendix G support  t he  conclusion t h a t  
ethane and e thylene  adsorb f i r s t  when methane i s  p resen t  i n  b ina ry  and 








&lparison with the  Results  of Others 
Pure Gas Isotherms 
A comparison with r e s u l t s  of o thers  f o r  pure gas isotherm data  i s  
attempted i n  Figures 3, 4 ,  and 5 i n  t h i s  chapter .  Methane and carbon d i -  
oxide data  a t  301.4, 260.2, and 212.7 K ,  determined in  t h i s  labora tory  by 
~ o ~ e r s ~ ~  on the  same adsorbent,  a r e  shown. Agreement with the  da ta  ob- 
ta ined i n  t h i s  work e x i s t s  a t  212.7 K wi th in  4 1 t o  5%. However, a t  the  
o the r  two temperature l e v e l s  s i g n i f i c a n t  d i f ferences  a r e  observed with 
average devia t ions  of the  order  of k 5 t o  15%. In general ,  t he  data of 
Rogers show higher  isdsorption c a p a c i t i e s  a t  these  h igher  temperatures. A 
reasonable explanation f o r  t h i s  disagreement has  no t  been found. 
LOW pressure  adsorption data  f o r  ethane and carbon dioxide a t  
303 K on the  same adsorbent a r e  given by Laukhuf and plankz8 and Meredith 
and respect ive ly ;  good agreement i s  obtained in  t h i s  range of 
equil ibrium pressures .  
Adsorption data  f o r  a l l  gases on a s imi la r  adsorbent a t  301 K can 
be in te rpo la ted  from Szepesy and ~ l l e s . ~ '  Capacit ies  a r e  e s s e n t i a l l y  
s i m i l a r  t o  the  r e s u l t s  presented here .  
Isotherm data f o r  methane and carbon dioxide a t  311 K on a s imi la r  
adsorbent a r e  given by Ray and  BOX,^^ These l a t t e r  r e s u l t s  show much 
l a r g e r  c a p a c i t i e s  than does t h i s  work. 
Mixture Gas Isotherm? 
No published r e s u l t s  f o r  the te rnary  system employed i n  t h i s  work 
a r e  a v a i l a b l e  f o r  comparison. 
Some binary isotherm data  on s imi la r  adsorbents a t  293 K and about 
one atmosphere pressure a r e  given by Szepesy and ~ l l e s . ~ ~  As working 
pressures in this work are greater than one atmosphere and the tempera- 
tures are different, no attempt at comparison was made. 
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CHAPTER I V  
THEORY 
For many y e a r s  i t  ha s  been t h e  goa l  o f  i n v e s t i g a t o r s  i n  t h e  f i e l d  
of  ga s  ad so rp t i on  t o  be a b l e  t o  c o l l e c t  enough in format ion  on a d s o r b a t e s  
and adso rben t s  so  t h a t  t h e  adso rp t i on  o f  ga se s  and vapors  cou ld  be p r e -  
d i c t e d  from a  minimum of  da t a .  I n  pure  gas  a d s o r p t i o n ,  t h e  immediate 
goa l  o f  many i n v e s t i - g a t o r s  ha s  been t he  p r e d i c t i o n  of  gas-phase adsorp-  
t i o n  i so therms  f o r  a number of  a d s o r b a t e s ,  under a  wide range of  tempera- 
t u r e  and p r e s su re  colndi t ions ,  from a  s i n g l e  f u n c t i o n a l  r e l a t i o n  r e p r e s e n t -  
i n g  t h e  adso rben t - adso rba t e s  i n t e r a c t i o n  behavior .  For ga s  mix ture  ad- 
s o r p t i o n  t h e  main purpose ha s  been t o  be a b l e  t o  p r e d i c t  t h e  component 
ad so rp t i on  c a p a c i t i e s  from pure  gas  ad so rp t i on  d a t a  o r  c o r r e l a t i o n s  f o r  
f i x e d  c o n d i t i o n s  o f  t empera ture ,  p r e s s u r e ,  and gas  phase composi t ions .  
These are the main o b j e c t i v e s  t h a t  mot iva ted  t h i s  p r e sen t  work; t h e r e f o r e ,  
t h e  t h e o r e t i c a l  p r e s e n t a t i o n  i s  o r i e n t e d  i n  t h a t  d i r e c t i o n .  
Of t h e  v a r i o u s  t h e o r i e s  proposed t o  p r e d i c t  t h e  adso rp t i on  proper -  
t i e s  of gases  o r  vapors  on s o l i d s ,  t h e  most s u c c e s s f u l  f o r  ad so rben t -  
ad so rba t e  systems of  p r a c t i c a l  s i g n i f i c a n c e  have been based on the  poten-  
t i a l  theory  o f  ad so rp t i on  a s  formulated by Po lany i  4 0 y 4 3  and a s  modif ied 
by Dubinin and co-workers 16y17318 and o t h e r s  f o r  pure  gas  a d s o r p t i o n ,  and 
by Grant  and ~ a n e s ~ ~  f o r  ga s  mix ture  ad so rp t i on .  Although t h e  t heo ry  ha s  
been a p p l i e d  t o  ad so rp t i on  on homogeneous adso rben t s ,  i t  ha s  found i t s  
most u s e f u l  a p p l i c a t i o n  on h i g h l y  heterogeneous adsorber i ts  such a s  
a c t i v a t e d  ca rbon  and s i l i c a  gel w i t h  large s u r f a c e  areas and   ore volumes .  I 
L)u 
Although i n t r o d u c e d  i n  1914,  t h e  P o t e n t i a l  Theory o f  Michae l  
P o l a n y i  i s  s t i l l  r e g a r d e d  as f u n d a m e n t a l l y  sound,  i n  l a r g e  measure  due  t o  
i t s  e s s e n t i a l l y  the~modynamic  c h a r a c t e r .  The t h e o r y  does  n o t  a t t e m p t  t o  
d e s c r i b e  a d s o r p t i o n  on a m o l e c u l a r  l e v e l  and p o s t u l a t e s  
41 ,42  
e n e r g y  s u r -  
f a c e s  s u r r o u n d i n g  t h e  a d s o r b e n t  f o r  which t h e  a d s o r p t i o n  p o t e n t i a l s  a r e  
e q u a l  and  t e m p e r a t u r e  i n v a r i a n t .  The volumes e n c l o s e d  by t h e s e  e q u i p o t e n -  
t i a l  s u r f a c e s ,  C = c , ,  C, ,  c , ,  . . ., e2 . . . = 0, migh t  be  d e s i g n a t e d  
a d s o r p t i o n  s p a c e ,  which i n  t h e  c a s e  o f  a porous  a d s o r b e n t  l i k e  a c t i v a t e d  
c a r b o n ,  c o r r e s p o n d s  t o  i t s  p o r e  volume. The t h e o r y  i s  a p p l i e d  by e x p e r i -  
m e n t a l l y  d e t e r m i n i n g  t h e  d i s t r i b u t i o n  f u n c t i o n  
P o l a n y i  a s s o c i a t e d  t h e  magn i tude  o f  t h e  a d s o r p t i o n  p o t e n t i a l ,  c ,  
a t  any  p a r t i c u l a r  d e g r e e  o f  t h e  p o r e  volume f i l l i n g ,  w i t h  t h e  work re-  
q u i r e d  t o  a t t a i n  a d s o r p t i o n  a t  t h a t  l e v e l .  I f  t h e  g a s  phase  i s  assumed t o  
be a n  i d e a l  g a s ,  t h e  l i q u i d - l i k e  a d s o r b a t e  i s  c o n s i d e r e d  t o  be  incompres-  
s i b l e ,  and  n e g l i g i b l e  work i s  u s e d  i n  c r e a t i n g  t h e  new s u r f a c e ,  t h e n  t h e  
r e v e r s i b l e  work r e q u i r e d  t o  compress t h e  g a s  from t h e  e q u i l i b r i u m  a d s o r p -  
t i o n  p r e s s u r e ,  P ,  t o  t h e  v a p o r  p r e s s u r e ,  p (T ) ,  o f  t h e  l i q u i d  a d s o r b a t e  
S 
a t  t h e  t e m p e r a t u r e ,  T ,  o f  t h e  sys t em i s  g i v e n  by 
The v a l u e  of  t h e  adso rba t e  volume, Va,  co r responding  t o  E i s  ob- 
- 
t a i n e d  by m u l t i p l y i n g  t h e  moles of gas  adsorbed a t  P ,  n '  by t h e  adsorb-  
0 )  
H 
V = n t V  
a  o a  
A N 
v a = n v  
o a  
It i s  t h e r e f o r e  p o s s i b l e  t o  c o n s t r u c t  t h e  d i s t r i b u t i o n  func t i on  
(5) from exper imenta l  ad so rp t i on  d a t a  and r e l a t i o n s  (6) and (7).  Polanyi. 
p o s t u l a t e d  t h a t  t h i s  d i s t r i b u t i o n  f u n c t i o n ,  which i s  o f t e n  c a l l e d  t h e  
" c h a r a c t e r i s t i c  curve"  f o r  t he  adsorben t -adsorba te  sy s t  em, i s  n e a r l y  tem- 
p e r a t u r e  independent  f o r  many adso rp t i on  systems and c s n k  used t o  p r e d i c t  
ad so rp t i on  c a p a c i t i e s  o f  systems a t  t empera tures  o t h e r  than those  measured 
exper imenta l ly .  
It i s  now recognized2' t h a t  t h e  concept  of  e q u i p o t e n t i a l  s u r f a c e s  
i s  n o t  p h y s i c a l l y  a ccep t ab l e  and t h a t  t h e  f u n c t i o n  s should  be i n t e r p r e t e d ,  
n o t  a s  an adso rp t i on  p o t e n t i a l ,  but  a s  a  change i n  Gibbs energy ,  AE, o r  
a s  a  d i f f e r e n c e  i n  t h e  chemical p o t e n t i a l s  o f  t h e  adso rba t e  i n  a  r e f e r e n c e  
s t a t e  o f  bulk l i q u i d ,  p r ,  and i n  t h e  adsorbed s t a t e ,  pa ,  a t  one and t h e  
same tempera ture ,  
N 
a t e  molar volume, 
steeleh9 h a s  o f f e r e d  an  e n l i g h t e n i n g  i n t e r p r e t a t i o n  o f  E based  on 
a  t h e o r y  o f  t h e  generalized p r o p e r t i e s  o f  d i s t r i b u t i o n  f u n c t i o n s  o f  a 
f l u i d  i n  a n  e x t e r n a l  f i e l d ,  a s  a p p l i e d  t o  m u l t i l a y e r  a d s o r p t i o n  and 
l i q u i d s .  It c o n s i d e r s ,  f i r s t ,  a p u r e  l i q u i d  a d s o r b a t e ,  and t h e n  i t  
c o u p l e s  i t  t o  t h e  s o l i d  a d s o r b e n t .  H i s  r e s u l t  f o r  t h e  change i n  c h e m i c a l  
p o t e n t i a l  upon c o u p l i n g  i s  g i v e n  as 
where  < U ( z  ) > i s  t h e  a v e r a g e  p e r t u r b i n g  e n e r g y ,  a t  a g i v e n  v a l u e  o f  
P n  7 
t h e  a d s o r b a t e  t h i c k n e s s ,  z which c a n  b e  e v a l u a t e d  i f  t h e  p e r t u r b i n g  po-, 
n '  
t e n t i a l  and  d e n s i t y  d i s t r i b u t i o n s  o v e r  t h e  a d s o r b a t e  a r e  known. The 
a v e r a g i n g  i n c l u d e s  t h e  e f f e c t  o f  compress ion  of  t h e  f i l m .  T i s  a  s u r f a c e  
v e c t o r .  
I t  i s  p o s s i b l e  t h u s  t o  conc lude  t h a t  s i s  a Gibbs  e n e r g y  and  n u t  
s imply  a p o t e n t i a l  ene rgy .  One can  a n t i c i p a t e  t h a t  E: w i l l  be  somewhat 
t e m p e r a t u r e  dependen t ,  because  f o r  E t o  b e  t e m p e r a t u r e  i n v a r i a n t  t h e  f i l m  
must  b e  i n c o m p r e s s i b l e  and t h e  t h e r m a l  expans ion  o f  t h e  adso rbe r i t  e q u a l  
t o  t h a t  o f  t h e  r e f e r e n c e  s tate.  These  e f f e c t s ,  however,  a r e  n o r m a l l y  un- 
i m p o r t a n t  i n  compar ison t o  e x p e r i m e n t a l  u n c e r t a i n t i e s ,  and b a s i c a l l y  t h e  
t e m p e r a t u r e  i n v a r i a n c e  o f  t h e  c h a r a c t e r i s t i c  c u r v e  can  be  e x p e c t e d .  
I f  n o n - i d e a l i t i e s  i n  t h e  g a s  phase  are c o n s i d e r e d ,  r e l a t i o n  (9)  
may be  w r i t t e n  a s  
where f  @,T) corresponds t o  t h e  fugac i ty  of t he  gas phase evaluated a t  
t h e  adsorpt ion  p res su re  and temperature, and fs(ps,T) t o  t h e  fugac i ty  of 
t he  gas a t  t he  s a t u r a t i o n  p res su re  and temperature. 
The Polanyi  Theory a s  Extended by Dubinin and I ts  
Ajp l i ca t ion  t o  Pure Gas Adsorption 
The Polanyi P o t e n t i a l  Theory, a s  pos tu l a t ed  by Polanyi 
22,40,41,42, 
43 
and app l i ed  by ~ e r e n ~ i , ~ ' ~  and Lowry and ~ l r n s t e a d , ~ ~  and s u b j e c t  t o  
44 
cons iderable  a t t a c k s  from t h e  s c i e n t i f i c  community of t h a t  time, was 
n o t  ex tens ive ly  appl ied  o r  developed u n t i l  1947, when M.  M.  Dubinin and 
h i s  co l l abora to r s  began t o  make cons iderable  use  of i t  t o  p r e d i c t  adsorp- 
t i o n  isotherms f o r  any pure gas ,  given a  s i n g l e  i s0 the .m f o r  one gas on 
the  same adsorbent .  
Dubinin and ~ i m o f e ~ e v ' ~  wrote the  c h a r a c t e r i s  t i c :  curve f o r  a l l  
* 
gases  on t h e  same adsorbent  a s  
where 
- 
'a - 1 
a l l  i 
and $, c a l l e d  t h e  " a f f i n i t y  c o e f f i c i e n t "  f o r  t he  adsorba te  i n  ques t ion ,  
i s  a  s h i f t i n g  f a c t o r  causing a l l  t he  c h a r a c t e r i s t i c  curves f o r  t h e  i n d i -  
- --- * A 
It i s  customary t o  draw t h e  c h a r a c t e r i s t i c  curve with Va a s  t he  
o r d i n a t e  and c/p a s  the  absc i s sa .  As an i l l u s t r a t i o n  see  Figure  1 3  i n  
Chapter V . 
vidual  gases t o  f a l l  i n t o  a s i n g l e  curve.  The p red ic t ion  of t he  adsorp- 
t i o n  isotherms f o r  d i f f e r e n t  gases may be c a r r i e d  out  e i t h e r  g raph ica l ly  
o r  a n a l y t i c a l l y ,  bu t  each method depends on t h e  premise t h a t  an exper i -  
- 
menta l ly  determined c h a r a c t e r i s t i c  curve def ines  t h e  adsorpt ion  n a t u r e  of 
a  given adsorbent .  
Graphical Analysis  
n 
A t  cons tant  adsorba te  v o l m e ,  'a , 
It i s  b a s i c a l l y  r e l a t i o n s  (13), (14), and (15) which r ep resen t  the  
Polanyi  P o t e n t i a l  Theory, a s  extended by Dubinin, when appl ied  g raph ica l ly  
t o  pure adsorba tes  on t h e  same s o l i d  adsorbent .  
The c h a r a c t e r i s t i c  curve f o r  the  d i f f e r e n t  adsorba tes  on the  s o l i d  
adsorbent ,  equat ion (12), i s  cons t ruc ted  from experimental adsorpt ion  
da ta  given a s  adsorpirion c a p a c i t i e s ,  n  i n  mg-mol/g adsorbent ,  versus  o i '  
equi l ibr ium p res su res ,  P, a t  a  given s e t  of temperatures,  T .  The o rd ina te  
i s  ca l cu la t ed  with r e l a t i o n  (13) and t h e  absc i s sa  from (14) and (15) ; 
n P, and T a r e  experimental adsorpt ion  d a t a ;  f s  i s  the fugac i ty  of t h e  o i '  
pure gas  a t  i t s  vapor p res su re ,  ps ,  and T t o  be evaluated with an appro- 
p r i a t e  equat ion of s t a t e ;  f i s  the  fugac i ty  of t he  pure gas a t  t he  equi-  
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where A denotes the  property f o r  t h e  adsorbent ,  I i s  the  ion iza t ion  po- 
- 
t e n t i a l  f o r  t h e  gas  molecule, cr i s  the  p o l a r i z a b i l i t y ,  and N i s  t h e  num- 
3 
be r  of atoms i n  t h e  <adsorbate per  cm . Temperature i s  assumed n o t  t o  
l ibr ium pressure  and temperature evaluated a s  explained before ;  i3 i s  the  
a f f i n i t y  c o e f f i c i e n t  which i s  ca lcu la t ed  from physical- p r o p e r t i e s  of the  
N 
substance and V i s  the  adsorbate molar volume, normal.ly n o t  known but  a 
est imated . 
Physica l ly ,  t he  a f f i n i t y  c o e f f i c i e n t  i s  associa ted  with the  s t r eng th  
of the  adsorbent-adsorbate i n t e r a c t i o n .  In p r a c t i c e ,  a va lue  of un i ty  i s  
assigned t o  $ f o r  a reference  adsorbate so  t h a t  $, f o r  any gas f o r  which 
p red ic t ions  a r e  des i red ,  has  a r e l a t i v e  va lue  comparing t h e  gas-sol id  
i n t e r a c t i o n  f o r  t h a t  gas t o  t h a t  of the  reference  adsorbate.  
I f  t h e  adsorlbent sur face  i s  assumed t o  be e s s e n t i a l l y  non-polar,  
t he  adsorpt ion forces  a r e  due mainly t o  d ispers ion  i n t e r a c t i o n s  between 
the  adsorbate and adsorbent which a r e  induced by the  f l u c t u a t i n g  e l e c t r i -  
c a l  f i e l d s  of the  molecules. ~ u b i n i n , ' ~  following a development by Lon- 
don 31y43 on app l i ca t ions  of t h e  concept of molecular forces  t o  adsorpt ion ,  
assumed t h a t  f o r  a nlolecule a t  a d is tance  z from a plane sur face ,  t he  
adsorpt ion p o t e n t i a l  i s  expressed approximately by the  relation 
a f f e c t  the  adsorp tiax fo rces  . 
For equal values of z o r  adsorbate volume, Va, according t o  (12) 
This r e l a t i o n  can be approximated by 
- 
= cons tant  
a l l  i 
CY B ' -  
% 
s ince  t h e  i o n i z a t i o ~ l  p o t e n t i a l s  of most substances do n o t  d i f f e r  very  much 
from one another .  
Based on q u a l i t a t i v e  arguments of general  v a l i d i t y ,  Dubinin f i n a l l y  
pos tu la t ed  t h a t  a s  an approximation the  p o l a r i z a b i l i t y  of the  molecules 
i s  propor t ional .  t o  i . ts  volume o r  t o  the  molar volume of the  l i q u i d  ad- 
sorbate ,  leaving (14.) and (18) a s  
A s  t h e  a f f  i n i t y  c o e f f i c i e n t ,  a s  s t a t e d  be£ ore ,  implied temperature 
independence, Dubiniri assumed the  l i q u i d  adsorbate volume t o  be tempera- 
17 
t u r e  i n v a r i a n t  ; however, i t  i s  no t  c l e a r  what numerical values were 
se l ec ted .  
A s i m i l a r  method f o r  es t imat ing  the  a f f i n i t y  coejff icients  was r e -  
ported by Dubinin and Zhukovskaia .I9 The a f  f  i n i t y  c o e f f i c i e n t s  a r e  ex- 

curves f o r  d i f  f eren.t specimens of microporous ac t i ve  carbons showed a 
Gaussian form, they represented t h i s  function by an equation involving 
the Gaussian d i s t r ibu t ion  
N 
L 
O a = n v = 0; exp [-k 21 
o a 
"0 
where Va i s  the volume of adsorbate a t  c = 0 interpreted a s  the l imi t ing 
volume of the adsorption space expressing the volume of micropores of 
A 
the act ivated carbon, Va i s  the adsorbate volume a t  the adsorption poten- 
t i a l  G (given by equation (15)) and k i s  a constant which i s  thought t o  
express the d i s t r ibu t ion  function of pore volumes with respect  t o  t h e i r  
s i z e .  The l i nea r  form of t h i s  equation i s  then given by 
Inser t ing equation (15) i n to  (23) gives 
"0 
The parameters Va and k a r e  evaluated from experimental adsorption 
data f o r  a reference adsorbate on the same adsorbent (Br = 1.0) and equa- 
t ions  (24) and (25), provided a su i tab le  value fo r  va i s  chosen. 
Given a spec i f ic  adsorbate, a t  fixed equilibrium temperature and 
pressure,  the amount adsorbed can be predicted from equation (24) and 
A N 
n = Va/Va 
0 
N 
provided a value f o r  V i s  chosen. a 
Nikolaev and D ~ b i n i n ~ ~  proposed a funct ional  scheme which descr ibes  
the  de~endence  of the  adsorbate molar volume. . on the  svstem tenmera- 
For temperatures between the  normal bo i l ing  point  and the  c r i t i c a l  po in t ,  
a l i n e a r  r e l a t i o n  was used 
A and B being constants  t o  be evaluated with the  following boundary con- 
d i t i o n s  : 
b i s  one of the  constants  i n  the  van der  Waals equation of s t a t e ;  i t  i s  
evaluated from c r i t i c a l  p roper t i e s  of the  substance. 
The f i n a l  £ o m  of equation (27) i s  
U U C 
c nbp I 
For temperatures above t h e  c r i t i c a l  po in t  t he  adsorba te  molar volume 
was assumed t o  be cons tant  and equal t o  the  van d e r  Waals b of t h e  sub- 
s t ance  
The complete scheme i s  j u s t i f i e d ,  according t o  the  au thors ,  by . 
considering t h a t  t h e  adsorbed phase, under condi t ions  of temperature 
c l o s e  t o  the  c r i t i c a l  and above i t ,  e x i s t s  i n  a g r e a t l y  compressed s t a t e  
i n  the  f i e l d  of t he  adsorpt ion  fo rces .  Under these  condi t ions  t h e  use of 
normal s a t u r a t e d  l i q u i d  d e n s i t i e s  i s  no longer  jus  t i £  i e d .  
The same authors  have modified equat ion (24), f o r  temperatures 
above t h e  c r i t i c a l ,  t o  
Relat ion (24), of ten c a l l e d  the  Dubinin-Radushkevich equat ion 
(D-R) f o r  very f i n e  microporous a c t i v e  carbons, has  been found reasonably 
successfu l  i n  descr ib ing  c h a r a c t e r i s t i c  curves f o r  a number of experimental 
I n s i g h t  i n t o  the  t h e o r e t i c a l  b a s i s  of t h i s  equation has  been pro- 
vided by s teele4 '  who has  observed t h a t ,  when a modified Gaussian s i t e -  
d i s t r i b u t i o n  funct ion  i s  used i n  t h e  Frenkel-Halsey-Hill  theory of mul t i -  
l a y e r  adsorpt ion ins t ead  of t h e  exponential d i s  t r i b u t f  on funct ion ,  the  
D-R equation i s  obt:ained. The b a s i s  of t h i s  theory 39'53 i s  t h a t  the  ad- 
so rp t ion  p o t e n t i a l  v a r i e s  simply a s  the inverse  cube c~f t h e  d i s t ance  from 
t h e  sur face ;  patchwise he terogenei ty  of the  adsorbent su r face  i s  a l s o  
assumed . 
One d i f f i c u l t y  with equation (22) a r i s e s  from t.he f a c t  t h a t  i t  
does n o t  reduce t o  a l i n e a r  isotherm i n  the  l i m i t  of very low coverages, 
i . e . ,  i t  does n o t  fol low ~ e n r y ' s  law a t  low pressures .  
Applicat ion of t h e  P o t e n t i a l  Theory t o  Gas Mixtures 
In  t h e  adsorpt ion of a pure gas on a s o l i d  adsorbent t h r e e  in t en -  
s i v e  v a r i a b l e s  a r e  requi red  t o  speci fy  the  system, namely t h e  temperature, 
pressure ,  and t h e  a~nount adsorbed per  u n i t  mass of adsorbent .  In t h e  ad- 
sorpt ion  of a b inary  gas mixture t h e r e  a r e  f i v e  v a r i a b l e s  t o  be designated 
before  t h e  system i s  f u l l y  spec i f i ed .  These a r e  f requent ly  chosen t o  be 
the  temperature, t he  p a r t i a l  pressures  of the  components i n  t h e  gas phase, 
and t h e  amount adsorbed of both components. A t e rna ry  adsorpt ion system 
i s  s i m i l a r l y  defined with seven v a r i a b l e s .  
The p red ic t ion  of a b inary  adsorpt ion isotherm reduces then t o  t h e  
evalua t ion  of t h e  amounts adsorbed of both components, given t h e  pure c m -  
ponent isotherm funct ions  o r  a c h a r a c t e r i s t i c  curve f o r  t h e  adsorbates-  
adsorbent system 
Grant and extended t h e  Polanyi P o t e n t i a l  Theory t o  gas 
mixture adsorpt ion  by considering t h e  l i q u i d - l i k e  adsorba te  a s  a mixture  
i n  which t h e  adsorpt ion  p o t e n t i a l  of each pure adsorbed component was 
determined by the  adsorba te  volume of t h e  mixture,  i . e .  
e = RT l n  ~ r ~ ( p ~ , ~ ) / i ( S a m , ~ ) i  = F ( ? ~ ~ ) (  
a l l  i 
By using equat ions (21) and (36) 
L - - L - - *   e t c .  
'~1  (Tnbp ) 's 2 (Tnbp ) 
RT 
In  [fsl  (PS1,T)/fl (7am,~) l  
's 1 (Tnbp ) 
- -- RT l n [ f s 2 ( p s 2 , ~ ) / f 2 ( ~ m , ~ ) ]  = e t c .  
's 2 (Tr~bp ) 
and assuming i d e a l  aldsorbed so lu t ion  
xfs  (Ps,T) -- RT In  [- ] = F (nTVm) ys On,bp) f ( P , L ( y I )  a l l  i 
Relat ion (41) represents  the  c h a r a c t e r i s t i c  curve f o r  the  gas mix- 
t u r e s  and should be superimposable on the  pure isotherm c h a r a c t e r i s  t i c  
curve 
I n  Grant and Manes's model, the  assumption of determining t h e  ad- 
sorpt ion  p o t e n t i a l  of each pure adsorbed component by t h e  adsorbate volume 
of the  mixture i s  equivalent  t o  def in ing  a s tandard s t a t e  where the  pure 
adsorbate i s  a t  t h e  same volume a s  t h a t  of the  adsorbed mixture.  S i r c a r  
and ~ ~ e r s ~ ~  have r ecen t ly  pointed out t h a t  the s e l e c t i o n  of t h i s  p a r t i c u -  
l a r  s tandard s t a t e  jteads t o  t h e  incor rec t  conclusion of equa l i ty  of sur -  
f a c e  p o t e n t i a l s  of the  adsorbed phase a t  s a t u r a t i o n ,  which can be t r u e  
only i f  t he  composition of the  adsorbed phase i s  equal to  the  composition 
of the  bulk l i q u i d  phase. A d iscuss ion  of t h i s  argument i s  given i n  Ap- 
pendix J. 
From a p red ic t ion  p o i n t  of view t h i s  model i s  used a s  fo l lows:  
~ i v e n  P. T. fv7 and the  c h a r a c t e r i s t i c  curve f o r  the  Dure nases 
on the  adsorbent ,  
1 )  Equation (40) and the  r e l a t i o n  between the  adsorbate mole frac.-  
t i o n s  
a l l  
5' 
a r e  solved i t e r a t i v e l y  f o r  a l l  x 
i' 
2)  The absc issa  of the  c h a r a c t e r i s t i c  curve 
i s  determined with any of the  xi 's .  
3 )  (nTvam) i s  obtained from the  c h a r a c t e r i s t i c  curve (41) o r  (42) 
- - -  - 
and the  ca lcu la t ed  absc i s sa  m 
v " C r  ) s nbp 
4 )  The molar volume of the  adsorbate mixture i s  est imated assum- 
ing a d d i t i v i t y  of pure component volumes 
5) The t o t a l  amount adsorbed i s  evaluated a s  
and the  indiv idual  components a s  
n = x n  
i i T  
Bering e t  al."" extended the  app l i ca t ion  of the  Dubinin-Radushke- 
vich equation (24) t o  the  adsorpt ion of b inary  gas mixt:ures. I f  t he  pure 
gas isotherms, represented by equation (33),  s a t i s f y  the  D-R equation f o r  
vu 
a k fs(pS,T) 2 
n = -- exp {- 1 [RT l n  
0 Va B I(P,T) ] )pure i 
t h i s  r e l a t i o n  being genera l ized  f o r  t h e  case  of a  gas mixture adsorpt ion  
t o  
a l l  i 




where (x. ] a r e  the  adsorba te  mole f r a c t i o n s ,  Vai i s  the  adsorba te  p a r t i a l  
1 
molar volume of component i, and ai i s  t h e  component i a f f i n i t y  c o e f f i -  
c i e n t .  
Given P,T, Cy:/ and the  c h a r a c t e r i s t i c  curve f o r  the  pure gases ,  
(48) and (49) can be solved f o r  t h e  amount adsorbed of t h e  components i n  
a  b inary  mixture i f  an a d d i t i o n a l  independent r e l a t i o n  between n and n 
o i 
i s  a v a i l a b l e .  
Bering a1 .697  s e l e c t e d  f o r  t h e i r  purposes a  r e l a t i o n  proposed 
by Lewis -- e t  which a p p l i e s  only t o  an i d e a l  adsorbed so lu t ion  
a l l  i 
1 .o 
= cons tant  
a t  pure component equil ibr ium p res su res  equal t o  the  mixture t o t a l  pres-  
su re ,  P .  
Unfortunately,  t he  use  of equation (50) does n o t  s a t i s f y  t h e  wel l  
known mole f r a c t i o n  r e l a t i o n  
a l l  i a l l  i 
i=l 
f o r  many systems a s  repor ted  by o the r s .  12,25,47 
The Concept of Re la t ive  V o l a t i l i t y  and Other Cor re l a t ion  
Methods f o r  Adsorption Mixtures 
Re la t ive  V o l a t i l i t y  
During t h e  adsorpt ion  of a gas mixture t h e r e  i s  a competition 
among t h e  cmponent:s f o r  t h e  adsorbent  su r face .  Such a competition pro- 
duces a separa t ion  phenomenon s i m i l a r  t o  t h a t  experienced i n  many of the  
wel l  known sepa ra t ion  processes  such a s  d i s t i l l a t i o n  o r  e x t r a c t i o n .  The 
adsorbent  i s  s a i d  t o  adsorb s e l e c t i v e l y  one gas over another .  In  gene ra l ,  
t he  pure gas f o r  which the  adsorbent  e x h i b i t s  t h e  h igher  capac i ty  i s  t h a t  
p r e f e r e n t i a l l y  adsorbed from a mixture.  This p r e f e r e n t i a l  a c t i o n  of t h e  
adsorbent  i s  normally dependent on t h e  adsorbent  and adsorba te  phys ica l  
p r o p e r t i e s ,  and t h e  temperature, pressure ,  and composition of t he  system. 
Regardless of which p r o p e r t i e s  cause t h e  components i n  a mixture t o  be  
adsorbed p re fe ren t i a . l l y ,  t h e r e  w i l l  be l e s s  of a given component adsorbed 
from a mixture a s  such than a s  a pure gas a t  t h e  same p a r t i a l  p re s su re  i n  
the  mixture.  This i s  t h e  r e s u l t  of each component i n t e r f e r i n g  with t h e  
adsorpt ion  of t h e  o the r s ,  thus  decreasing t h e  ind iv idua l  adsorpt ion  capa- 
c i t i e s .  
Lewis 3 ,L_29 introduced i n t o  adsorpt ion  work t h e  r e l a t i v e  vola-  
t i l i t y  o r  separa t ion  f a c t o r ,  a)', a v a r i a b l e  which measures the  s e l e c t i v i t y  
o r  p r e f e r e n t i a l  adsorpt ion  of t he  adsorbent  f o r  one ccmponent over t h e  
o t h e r  i n  a b inary  gas mixture.  It i s  defined a s  
where component 2 i s  the  more s t rong ly  adsorbed, i .e . ,  a)' > 1. 
The dependence of t he  r e l a t i v e  v o l a t i l i t y  on the  system v a r i a b l e s  
can be obtained from adsorpt ion  t h e r m ~ d ~ n a m i c s . ~ ' ~ ~  The chemical poten- 
t i a l  of component i i n  the  gas  and adsorbed phases may be w r i t t e n  a s  
where. 
and @ i s  t h e  su r face  p o t e n t i a l  of t h e  adsorba te  mixture,  a s  defined by 
8 Bering, et a 1  . 
n being t h e  spreading p res su re  of t h e  adsorba te  mixture,  A t he  adsorbent  
0 su r face ,  n t h e  moles of adsorbent ,  and (pA - pA) t h e  d i f f e rence  i n  chemi- A 
c a l  p o t e n t i a l  of the  adsorbent when i n  the  presence of adsorbate  and when 
0 
pure,  i . e . ,  f o r  an i n e r t  adsorbent (pA - pA) = 0. 
A t  equi1 ibr i .m 
- 
and the re fo re  
a t  low p ressu res ,  Pi(@,T) being the  equil ibr ium gas pressure  corresponding 
t o  the  so lu t ion  temperature and t o  the  mixgure surf  ace  p o t e n t i a l ,  a ,  (i . e . , 
spreading pressure)  f o r  the  adsorpt ion of pure component i.36 0 can be 
evaluated from t h e  Gi-bbs isotherm 
9 
a l l  i 
$ = RT f dlnP 
"A 0 
I f  i d e a l  so lu t ion  i s  a s s m e d  i n  both phases 
which reduces t o  
In  genera l ,  t he  r e l a t i v e  v o l a t i l i t y  o r  s e l e c t i v i t y  of the  adsorbent I 
f o r  the  more strong:ly adsorbed component i s  found t o  decrease both with 
increas ing  p ressu re  and temperature, and with concentrat ion of t h a t  com- 
~ o n e n t  a t  cons tant  T and P .  29,47 I 
Other Corre la t ion  Methods f o r  Adsorption Mixtures 
? A  
Myers and ~ r a u s n i t z "  developed a method based on so lu t ion  thermo- 
dynamics and an i d e a l  adsorbed so lu t ion  model. Bas ica l ly ,  equation (58), 
appl ied  t o  the  case  of an  i d e a l  gas phase and an i d e a l  so lu t ion  i n  the  
adsorbed phase, i s  used, leading t o  t h e  expression 
This together  with t h e  f a c t  t h a t  t he  i d e a l  so lu t ion  assumption (yai = 1 )  
i s  thermodynamically c o n s i s t e n t  when the  temperature, T, and su r face  po- 
t e n t i a l  of t h e  mixture,  @, a r e  both he ld  cons tant  g ives  
a l l  i 
xi dlny = 0 (T and (d = cons tant )  
a i  
i=l 
This i s  the  Gibbs-Duhem equation appl ied  t o  an adsorbed phase a t  
cons tant  T and @. 
The method, a s  appl ied  t o  a  b inary  adsorpt ion  mixture a t  f ixed  T ,  
i s  sunnnarized below: 
Given t h e  pure gas isotherms 
t h e  t o t a l  p res su re ,  P, and y 1' 
1 )  The su r face  p o t e n t i a l s  f o r  t h e  pure components a r e  ca lcu la t ed  
from equation (63) 
Qol = RT J nol dlnP (67) 
0 
qo2 = RT J nO2 dlnP 
0 
2) Since the  mixing process ind ica ted  by equation (65) i s  c a r r i e d  
out  a t  cons tant  T and @ of the  mixture 
For a s e t  of f ixed  @ = @_, = @_,: 
U L  U L  
3 )  P1 (@,T) and P2 (0,T) a r e  determined from 
4 )  x, and x, are evaluated f r o m  equation (64) a p p l i e d  to both 
L L  
components 
5) The t o t a l  amount adsorbed, n i s  determined from 
T' 
l /nT = xl/nOl + x2/nO2 (T,q = cons tan t )  
6)  The indivi.dua1 amounts adsorbed a r e  then given by 
The most important l i m i t a t i o n  of t h i s  method l i e s  i n  the  evaluat ion 
of the  Gibbs isotherm i n t e g r a l s  given by equation (67), which a r e  very 
s e n s i t i v e  i n  the  low coverage region (low pressures)  f o r  microporous ad -  
s o r b e n t ~ .  This  impl ies  the  a v a i l a b i l i t y  of very p r e c i s e  low p ressu re  
9,36 
adsorpt ion da ta .  
The semi-empirical method of Cook and ~ a s m a d ~ i a n ' ~  i s  based on an 
12 equation derived by Basmadjian on the  assumption of small and cons tant  
r e l a t i v e  v o l a t i l i t y .  Like the  Myers and Prausni tz  method, i t  requ i re s  
i n t e g r a t i o n  of adsorpt ion pressures  t o  zero coverage. Along with o the r  
d i f f i c u l t i e s  t h i s  makes the  method d i f f i c u l t  t o  apply t o  multicomponent 
sys terns. 
25 
A review on o the r  methods appl ied  with some success t o  the  adsorp- 
t i o n  of gas mixtures can be found elsewhere. 9,13,48 
CHAPTER V 
CORRELATION RESULTS 
Pure Gas I so therms  
G r a p h i c a l  C o r r e l a t i o n  -
With r e s p e c t  t o  pure  gas  a d s o r p t i o n ,  t h e  main g o a l  o f  t h i s  work 
was t o  o b t a i n  a  s i n g l e  c o r r e l a t i o n  f o r  a l l  f o u r  g a s e s  (methane, e t h a n e ,  
e t h y l e n e ,  and carbon d i o x i d e )  under  a  wide range  o f  t empera tu re  (212.7 K ,  
2 
260.2 K ,  and 301.4 K) and p r e s s u r e  (0.1 - 550 psia /0 .69 - 3792 kN/m ) 
c o n d i t i o n s ,  w i t h i n  t h e  framework of  t h e  P o t e n t i a l  Theory o f  a d s o r p t i o n  
d i s c u s s e d  i n  Chapter  I V .  T h i s  t h e o r y  i s  r e p r e s e n t e d  by r e l a t i o n s  (13) ,  
(14) ,  and (15) i n  t h e  c h a p t e r  d e s c r i b i n g  t h e  c h a r a c t e r i s t i c  c u r v e  f o r  t h e  
a d s o r b e n t - a d s o r b a t e s  system. Repeated h e r e  they  a r e  
( c / ~ ) a l l  i = c o n s t a n t  
- 
'a - no's 1 
a l l  i 
When d a t a  a r e  p l o t t e d ,  t h e  o r d i n a t e  i s  t h e  a d s o r b a t e  volume p e r  gram of  
A 
a d s o r b e n t ,  
'a' 
and t h e  a b s c i s s a  i s  t h e  r a t i o  o f  t h e  a d s o r p t i o n  p o t e n t i a l  
t o  t h e  a f f i n i t y  c o e f f i c i e n t ,  E/B. AS d i s c u s s e d  b e f o r e ,  t h e  a f f i n i t y  coef--  
f i c i e n t  may be r e p r e s e n t e d  as p r o p o r t i o n a l  t o  a  molar  volume o f  t h e  sub-  
s t a n c e  and t h e r e f o r e  
(6jall i = cons t an t  
The adso rba t e  molar volume, va,  i n  equa t i ons  (13) and (20) i s  
normal ly  not known and a  v a l u e  h a s  t o  be a s s igned  t o  i t ,  g e n e r a l l y  t h e  
s a t u r a t e d  l i q u i d  molar volume f o r  t h e  subs tance .  The f u g a c i t y  a t  t h e  
s a t u r a t i o n  p r e s s u r e  and T imply a  system tempera ture  below t h e  c r i t i c a l  
t empera ture  o f  t h e  subs tances .  S ince  t h e  working tempera tures  i n  t h i s  I 
work a r e  h ighe r  than t h e  c r i t i c a l  f o r  methane a t  a l l  T  and f o r  e t hy l ene  
a t  301.4 K ,  f  becomes a  f i c t i t i o u s  number under t hose  c o n d i t i o n s  and an 
S 
a r b i t r a r y  number ha s  t o  be a s s igned  t o  i t ,  i n  t h i s  c a s e  an e x t r a p o l a t i o n  
o f  a  i n  p  v e r s u s  1 / ~  c o r r e l a t i o n  of exper imenta l  d a t a  a t  T  r T (see  Ap- 
S C 
pendix F), A summary of d i f f e r e n t  m o d i f i c a t i o n s  t o  t h e  t heo ry  found i n  
t h e  l i t e r a t u r e ,  a r i s i n g  from a s s i g n i n g  d i f f e r e n t  v a l u e s  t o  v_ and $, i s  I 
given i n  
< 
Appendix I. 
D i f f e r e n t  schemes were t r i e d  f o r  t h e  a d s o r b a t e  volume, va, i n  o r d e r  
t o  determine whether o r  no t  a  s i n g l e  c h a r a c t e r i s t i c  curve  cou ld  be ob- 
t a i n e d  f o r  t h e  p r e sen t  adsorben t -adsorba tes  system, Among t h e s e  was i n -  
c luded  t h e  one proposed by 130gers4j) i n  which i s  assumed t o  be cons t an t  
a  
and equa l  t o  t h e  molar volume of t h e  s a t u r a t e d  l i q u i d  a t  i t s  normal b o i l -  
i n g  po in t .  None of  t:hese schemes gave a s  s a t i s f a c t o r y  a c o r r e l a t i o n  a s  
t h e  one t o  be descr ibed  nex t .  
I n  t h i s  work, a  mod i f i c a t i on  of t h e  o r i g i n a l  Dubinin e t  a l e z 0  method -- 
( s ee  Chapter  I V  and A.ppendix I )  was used t o  t e s t  t h e  exper imenta l  d a t a .  
Abso lu te ,  i n s t e a d  of  Gibbs a d s o r ~ t i o n  c a ~ a c i t i e s  ( see  d i s c u s s i o n  l a t e r  i n  
€/V (T . I = c o n s t a n t  
' s '  nbp' 
la11 i 
A a- 
Va = n  V (T) 
0 S 
where Vs(T ) i s  t h e  s a t u r a t e d  molar  volume of  t h e  l i q u i d  s u b s t a n c e  a t  
nbp 
i t s  normal b o i l i n g  p o i n t ,  fs(ps,T) t h e  f u g a c i t y  of  t h e  g a s  a t  t h e  s a t u r a -  
t i o n  p r e s s u r e  and T,  f  (P,T) t h e  f u g a c i t y  o f  t h e  g a s  a t  t h e  e q u i l i b r i u m  
p r e s s u r e  and t empera tu re ,  R t h e  g a s  c o n s t a n t ,  (T) t h e  s a t u r a t e d  molar  
S 
volume o f  t h e  l i q u i d  a t  T, $ t h e  a d s o r b a t e  volume p e r  gram o f  a d s o r b e n t  
a  
a  
a t  P and T, and n- t h e  a b s o l u t e  a d s o r p t i o n  c a p a c i t y  a t  P and T, a s  d e f i n e d  
l a t e r  i n  t h i s  c h a p t e r  by e q u a t i o n  (76).  The c o r r e l a t i o n  o b t a i n e d  f o r  a l l  
t h e  exper imenta l  d a t a  o f  t h i s  work i s  p r e s e n t e d  i n  Table  20 i n  Appendix K ,  
t h e  d i f f e r e n t  v a r i a b l e s  be ing  d e f i n e d  below: 
1)  B a s i c a l l y ,  t h e  Nikolaev and ~ u b i n i n ~ '  scheme f o r  t h e  tempera- 
t u r e  dependence o f  t h e  l i q u i d  s a t u r a t e d  volume, vs (T) , w a s  fo l lowed  ( s e e  
e q u a t i o n s  (26) t o  (30) i n  Chapter  IV) , i . e .  
- 
V s ( ~ )  = b  = R T ~ / ( ~ P ~ )  T  > Tc 
where b  i s  a  c o n s t a n t  i n  t h e  van  d e r  Waals e q u a t i o n  o f  state. 
a  
2) The a b s o l u t e  amount a d s o r b e d ,  n  as  d e f i n e d  by Young and  C r o -  
0 '  
w e l l s 3  and  d i s c u s s e d  n e x t ,  was u s e d  t o  c a l c u l a t e  t h e  a d s o r b a t e  volume 
from r e l a t i o n  (72) .  
The Gibbs  amount a d ~ o r b e d , ' ~  n as u s e d  i n  r e p r e s e n t i n g  t h e  ex-  
0 )  
p e r i m e n t a l  a d s o r p t i o n  c a p a c i t i e s  i n  t h i s  work (see C h a p t e r  I11 and Appen- 
d i x  G ) ,  i s  d e r i v e d  by s u b t r a c t i n g  t h e  moles  o f  non-adsorbed g a s  t a k e n  up 
by t h e  s o - c a l l e d  dead s p a c e  from t h e  moles  o f  g a s  a d m i t t e d  d u r i n g  t h e  
a d s o r p t i o n  measurements  a t  t h e  same t e m p e r a t u r e  and  p r e s s u r e .  T h i s  method 
o f  comput ing  t h e  amount adso rbed  assumes c o n s t a n t  dead s p a c e s ,  i . e .  i t  
n e g l e c t s  t h e  volume o f  t h e  a d s o r b a t e ,  Va. The dead s p a c e  i s  d e f i n e d  h e r e  
as 
where r i s  t h e  number o f  v o i d  s p a c e s  i n  t h e  a d s o r p t i o n  sys tem.  
I t  i s  a c o n s t a n t ;  i t  y i e l d s  t h e  amount a d s o r b e d  i n  e x c e s s  o f  t h e  non- 
a d s o r b e d  g a s  occupy ing  t h e  same volume; and i t  i s  u s e d  commonly i n  t h e  
c o u r s e  o f  t h e  u s u a l  h e l i u m  dead s p a c e  d e t e r m i n a t i o n .  I t  i s  w e l l  known 
t h a t  t h i s  d e f i n i t i o n  y i e l d s  i s o t h e r m s  which go t h r o u g h  a maximum a t  s u f -  
f i c i e n t l y  h i g h  e q u i l i b r i u m  p r e s s u r e s .  
34 
I n  t h e  a b s o l u t e  a d s o r p t i o n  d e f i n i t i o n 5 3  a l l  o f  t h e  g a s  m o l e c u l e s  
i n  t h e  r a n g e  o f  t h e  i n t e r a c t i o n  f o r c e s  are i n c l u d e d ,  i . e . ,  t h e  a d s o r b a t e  
volume i s  c o n s i d e r e d  i n  t h e  a n a l y s i s .  T h i s  i s  t h e  p r o p e r  e x p r e s s i o n  t o  
u s e  i n  any a p p l i c a t i o n  o f  t h e  P o l a n y i  t h e o r y ,  s i n c e  t h e  p o t e n t i a l  f o r c e s  
a r e  v i s u a l i z e d  as a c t i n g  on t h e  t o t a l  amount o f  g a s  p r e s e n t  w i t h i n  t h e  
e f f e c t i v e  a d s o r p t i o n  s p a c e .  The dead s p a c e  i s  t h e n  d e f i n e d  as 
- 
'system - ' s o l id  - ' adsorbate  
n  
na = o 
0 1 - 5 P/(ZRT) a 
I n  t h e  low p r e s s u r e  r e g i o n  t h e  two d e f i n i t i o n s  l e a d  t o  a l m o s t  iden- 
t i c a l  i s o t h e r m s .  (See T a b l e  20 i n  Appendix K. f was de te rmined  by equa-  a 
t i o n s  (29) and (30) . ) 
3) The s a t u r a t e d  l i q u i d  mola r  volume a t  t h e  n o n n a l  b o i l i n g  p o i n t ,  
as proposed by G r a n t  and  Manes, 
25 - 
Vs (Tnbp) 
was u s e d  as t h e  c o r r e l a t i n g  
p a r a m e t e r  i n  t h e  a b s c i s s a .  
4) The f u g a c i t i e s  i n  t h e  a b s c i s s a ,  f  and f ,  were  e v a l u a t e d  a t  
S 
t h e  c o r r e s p o n d i n g  t e m p e r a t u r e  and p r e s s u r e  w i t h  a BWR e q u a t i o n  o f  s ta te  
f o r  t h e  s u b s t a n c e s .  The v a p o r  p r e s s u r e ,  ps 
was de te rmined  a t  T  u s i n g  
t h e  r educed  K i r c h h o f f  e q u a t i o n 4 6  ( s e e  Appendix I?), which i s  b a s i c a l l y  a n  
approx ima ted  i n t e g r a t i o n  o f  t h e  C laus ius -Clapeyron  e q u a t i o n  and  which  
I f  e q u a t i o n  (75) i s  u s e d  i n  r e l a t i o n  ( I ) ,  r e p r e s e n t i n g  t h e  amount 
a 
a d s o r b e d  o f  a pure  g a s ,  and  s o l v e d  f o r  no ,  t h e  f o l l o w i n g  r e l a t i o n  between 
t h e  Gibbs  and  t h e  a b s o l u t e  a d s o r p t i o n  c a p a c i t i e s  i s  o b t a i n e d :  
65 
r e q u i r e s  on ly  a  knowledge of  t h e  c r i t i c a l  p r o p e r t i e s  and t h e  normal b o i l -  
i n g  po in t  t empera ture  f o r  t h e  gases .  
A  g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  c h a r a c t e r i s t i c  curve  d a t a ,  r e -  
por ted  i n  Table  20 of Appendix K ,  i s  given i n  F igu re  13. Some p o i n t s  
have been omi t t ed  f o r  t h e  sake  o f  c l a r i t y .  The d a t a  o f  Table  20 were p ro-  
duced w i th  program DUBINl de sc r i bed  b r i e f l y  i n  Appendix L. 
From t h i s  f i g u r e  i t  i s  seen t h a t  t h e  adso rp t i on  c a p a c i t i e s  o f  
methane, e t hane ,  e t h y l e n e ,  and carbon d iox ide  on a c t i v a t e d  carbon,  type  
BPL, i n  t h e  range o f  t empera tures  between 212.7 K and 301.4 K and o f  
p r e s s u r e s  between 1 p s i a  and 550 p s i a  e s s e n t i a l l y  c o r r e l a t e  i n  one s i n g l e  
c h a r a c t e r i s t i c  curve  de f i ned  by equa t i ons  (15) , (21) , (29) , (30) , (72) , 
and (76). 
It i s  impor tan t  t o  emphasize t h a t  t h e  scheme s e l e c t e d  f o r  t h e  s a -  
t u r a t e d  l i q u i d  molar volumes, F (T) , (equa t ions  (29) and (30)) i s  a r b i -  
s 
t r a r y  and t h a t  some o t h e r  reasonable  procedure  might have been used 
i n s t e a d .  However, t h e  major advantage o f  t h i s  scheme, b e s i d e s  g i v i n g  a  
r e a sonab l e  c o r r e l a t i o n  f o r  t h e  d a t a  i n  t h i s  work, i s  t h a t  i t  prov ides  a  
c o n s i s t e n t  procedure  f o r  t h e  eva lua t i on  o f  t h e  o r d i n a t e s  of  t h e  cha r ac -  
t e r i s t i c  curve  based on w e l l  known phys i ca l  p r o p e r t i e s  o f  t h e  subs t ances  
which can be found e a s i l y  i n  t h e  l i t e r a t u r e ,  i . e . ,  t h e  c r i t i c a l  tempera- 
t u r e  and p r e s s u r e ,  t h e  normal b o i l i n g  po in t  t empera ture ,  and t h e  s a t u r a t e d  
l i q u i d  molar volume a t  t h e  normal b o i l i n g  po in t .  The o t h e r  thermodynamic 
v a r i a b l e s ,  fi(P,T) and Z(P,T),  were determined from t h e  BWR equa t ion  o f  
s t a t e  f o r  t h e  subs tances .  The use  of  t h e  s a t u r a t e d  l i q u i d  molar  volume 
o f  t h e  subs t ances  a t  t h e i r  normal b o i l i n g  po in t  t empera tures  a s  t h e  c o r -  
r e l a t i n g  parameter  i n  t h e  a b s c i s s a  i s  j u s t i f i e d  on t h e  grounds o f  t h e  
Linea r  F i t  
Thfs  Work 
n Absolute  ad so rp t i on  
F igu re  13. C h a r a c t e r i s t i c  Curve f o r  Pure  Gases ,  212.7 - 301.4 K 
b a s i c  o r i g i n  of  t h e  a f f i n i t y  c o e f f i c i e n t ,  p,  i n  t h e  Polanyi-Dubinin theory  
( see  e q u a t i o n s  (16) t o  (21) i n  Chapter  IV) which c o n s i d e r s  i t  t o  be a  
t empera tu re  independent  p h y s i c a l  p r o p e r t y  o f  t h e  s u b s t a n c e s .  
T h i s  same c h a r a c t e r i s t i c  curve  method was used t o  a n a l y z e  t h e  ad-  
c n  cl 
s o r p t i o n  d a t a  o f  Szepesy and I l l e s  d V , d I  f o r  methane,  e t h a n e ,  e t h y l e n e  , 
carbon d i o x i d e ,  propane,  propene,  and bu tane  on a  s i m i l a r  a d s o r b e n t  a t  
293.2 K and 363.2 K and f o r  p r e s s u r e s  between 0.001 and 7 a tmospheres  
2 
(101.3 - 709.3 k ~ / m  ) . The c o r r e l a t i o n  o b t a i n e d  i s  given i n  F i g u r e  14. 
It i s  e s s e n t i a l l y  s i m i l a r  t o  t h e  one i n  t h i s  work, w i t h  t h e  e x c e p t i o n  o f  
t h e  low p r e s s u r e  r e g i o n  o f  t h e  c h a r a c t e r i s t i c  c u r v e  ( a b s c i s s a s  g r e a t e r  
3  
than  60 cal/cm ) which shows branch ing  f o r  t h e  d i f f e r e n t  g a s e s  a c c o r d i n g  
t o  t h e i r  s a t u r a t e d  l i q u i d  molar  volumes a t  t h e  normal b o i l i n g  p o i n t  (o r  
t o  t h e i r  c r i t i c a l  t e r n ~ e r a t u r e s  i f  carbon d i o x i d e  i s  n o t  cons idered)  and 
o f  t h e  carbon d i o x i d e  d a t a  which a r e  l a r g e r  i n  a d s o r p t i o n  c a p a c i t y .  
T h i s  s u g g e s t s  t h a t  t h e  c h a r a c t e r i s t i c  c u r v e ,  r e p r e s e n t e d  by F i g u r e  
13 ,  c o u l d  be used i n  t h e  p r e d i c t i o n  o f  a d s o r p t i o n  c a p a c i t i e s  f o r  g a s e s  
o t h e r  than  t h e  ones  used i n  c o n s t r u c t i n g  i t ,  l i k e  propane,  propene,  bu- 
t a n e ,  and p o s s i b l y  o t h e r s ,  i f  c a u t i o n  i s  observed a t  p r e s s u r e s  below 
approx imate ly  one atmosphere.  
A n a l y t i c a l  C o r r e l a t i o n  
Dubinin-Radushkevich Equat ion.  A l l  t h e  exper imenta l  a d s o r p t i o n  
d a t a  o f  t h i s  s t u d y  were l e a s t  s q u a r e  f i t t e d  by t h e  l i n e a r  form o f  t h e  D-R 
e q u a t i o n ,  g iven  by e q u a t i o n  (24) i n  Chapter  I V ,  i . e . ,  by 
where 
D-R 
L i n e a r  
F i t  F i g  
Data  from Szepesy 
and I l l e s  
5 0 , 5 1  1 
F i t  from F i g u r e  
20 40 60 
80 3 
100 
(RT l n f s / f )  /v (T ) , cal/cm 
s nbp 
F i g u r e  14. C h a r a c t e r i s t i c  Curve f o r  Pure  Gases  a t  2 9 3  K and 363 K 
'RT 3 2 x = I  ln [ f s (pS ,T) / f (p ,T)  JJ  
and $ and were determined by equa t i ons  (21) ,  (72) ,  (29) ,  and (30).  
a  
The l e a s t  squa re s  f i . t  of  Y v e r s u s  X ,  accord ing  t o  r e l a t i o n  (77) ,  gave t h e  
fo l lowing  c o n s t a n t s :  
- 
The c a l c u l a t i o n  o f  t h e  adso rp t i on  c a p a c i t i e s  o f  t h e  ga se s  w i th  t h i s  
equa t i on ,  a t  t h e  same c o n d i t i o n s  o f  p r e s su re  and tempera ture  of  t h e  p r e s -  
e n t  exper imenta l  program, gave a  maximum dev i a t i on  of  40% and an average  
d e v i a t i o n  o f  t 8% w i t h  r e s p e c t  t o  t h e  exper imenta l  va lue s .  
Th i s  e m p i r i c a l  equa t i on  i s  p l o t t e d  i n  F igure  1 3  f o r  comparison 
w i t h  t h e  c h a r a c t e r i s t i c  curve t h a t  r e p r e s e n t s  t h e  exper imenta l  a d s o r p t i o n  
d a t a  o f  t h i s  work. Th i s  graph shows t h a t  t h e  D-R e q u a t i o n ,  w i t h  t h e  con- 
s t a n t s  given by r e l a t i o n  (79) ,  r e p r e s e n t s  t h e  exper imenta l  d a t a  w e l l  i n  
3 
t h e  reg ion  of  a b s c i s s a s  of  t h e  c o r r e l a t i o n  between 20 and 80 cal/cm . 
3 
However, i t  does  n o t  r e p r e s e n t  t h e  d a t a  a t  a b s c i s s a s  l e s s  than 20 cal/cnl . 
The Dubinin-Radushkevich method ( see  Chapter  I V )  p o s t u l a t e d  t h a t  
cz3 t h e  volume o f  mic:ropores of  t h e  a c t i v a t e d  ca rbon ,  and k ,  a  c o n s t a n t  
which i s  thought t o  r e p r e s e n t  t h e  d i s t r i b u t i o n  func t i on  o f  pore  volumes 
w i t h  r e s p e c t  t o  t h e i r  s i z e ,  a r e  c o n s t a n t s  t h a t  a r e  t empera ture  independent .  
To t e s t  t h i s  a s s e r t i o n ,  t h e  e x p e r i m e n t a l  a d s o r p t i o n  d a t a  f o r  t h e  i n d i v i d u a l  
g a s e s  a t  t h e  t h r e e  d i f f e r e n t  t e m p e r a t u r e  l e v e l s  were  l e a s t  s q u a r e  f i t t e d ,  
"0 
a c c o r d i n g  t o  e q u a t i o n  (77) ,  y i e l d i n g  Va and k  a t  d i f f e r e n t  t e m p e r a t u r e s .  
A. 
These c o n s t a n t s ,  g iven  i n  Tab le  1, show t h a t  V and k  are n o t  t empera tu re  a  
independen t  f o r  t h e  s e t  o f  a d s o r p t i o n  d a t a  o f  t h i s  s t u d y .  The same e f f e c t  
h a s  been r e p o r t e d  by ~ o ~ e r s . ~ ~  The computat ions  were  hand led  w i t h  program 
DUBIN3, d i s c u s s e d  b r i e f l y  i n  Appendix L. T h i s  s u g g e s t s  t h a t  t h e  D-R equa-  
t i o n  does  n o t  r e p r e s e n t  w e l l  t h e  d a t a  o f  t h i s  work o v e r  t h e  whole range  o f  
t e m p e r a t u r e  and p r e s s u r e  c o n d i t i o n s  and t h a t  i t  c o n t a i n s  t e m p e r a t u r e  de-  
pendent  p a r a m e t e r s  which make i t s  u s e  i m p r a c t i c a l .  
L i n e a r  F i t .  A s  t h e  c h a r a c t e r i s t i c  c u r v e  d a t a  i n  F i g u r e  1 3  s u g g e s t e d  
a l i n e a r  r e l a t i o n  between t h e  a d s o r b a t e  volume, 'a' 
and t h e  a b s c i s s a ,  
€4 Onbp ) ,  between a b s c i s s a s  o f  5  and 60 cal/cm3, a  l e a s t  s q u a r e s  f i t  o f  
a l l  t h e  a d s o r p t i o n  d a t a  hav ing  a b s c i s s a s  between t h e s e  v a l u e s  was done 
u s i n g  a  l i n e a r  r e l a t i o n  given a s  
where 
A 
V and $ b e i n g  de te rmined  by e q u a t i o n s  (21) ,  ( 7 2 ) ,  ( 2 9 ) ,  and (30) .  
a 
The l e a s t  s q u a r e s  f i t  o f  Y' v e r s u s  X ' ,  a c c o r d i n g  t o  r e l a t i o n  ( 8 0 ) ,  
gave t h e  f o l l o w i n g  c o n s t a n t s :  
A = 0.398855 cm31gc 
3  B = -0.57061 X cm / c a l  
Table 1. Dubinin-Radushkevich Parameters for Pure Gas 
Adsorption Data 
A 0  





NOTE: To convert from cal to J, multiply by 4.148. 
T h i s  c o r r e l a t i o n  i s  p l o t t e d  i n  F i g u r e  13 f o r  coniparison w i t h  t h e  
c h a r a c t e r i s t i c  curve  r e p r e s e n t i n g  t h e  exper imenta l  d a t a  o f  t h i s  work, and 
t h e  D-R e q u a t i o n .  The equa t ion  seems t o  f i t  wee1 t h e  d a t a  w i t h i n  t h e  
3 
range  o f  a b s c i s s a s  s e l e c t e d  (5 t o  60 cal/cm ). The a d s o r p t i o n  c a p a c i t i e s  
o f  t h e  f o u r  g a s e s  were then  c a l c u l a t e d  w i t h  t h i s  c o r r e l a t i o n ,  a t  t h e  same 
c o n d i t i o n s  o f  p r e s s u r e  and t empera tu re  o f  t h i s  exper imenta l  program and 
3 w i t h i n  a b s c i s s a s  o f  t h e  c h a r a c t e r i s t i c  curve  between 5  and 60 cal/cm , 
g i v i n g  a maximum d e v i a t i o n  o f  42% ( t h e  second h i g h e s t  be ing  29%) and an 
average  o f  + 6.1% w i t h  r e s p e c t  t o  t h e  exper imenta l  v a l u e s .  
Tabu la r  v a l u e s  o f  t h e  a d s o r p t i o n  c a p a c i t i e s  c a l c u l a t e d  u s i n g  t h e  
l i n e a r  c o r r e l a t i o n s  (80) and (82) a r e  p r e s e n t e d  i n  Tab le  20 i n  Appendix K.. 
The computat ions  were c a r r i e d  o u t  w i t h  program LINFIT, d e s c r i b e d  b r i e f l y  
i n  Appendix L. 
A g r a p h i c a l  comparison o f  t h e s e  c a l c u l a t e d  a d s o r p t i o n  v a l u e s  w i t h  
t h e  e x p e r i m e n t a l  d a t a  o f  t h i s  s t u d y  i s  given i n  F i g u r e s  15  t o  17. I t  can 
be concluded from t h e s e  f i g u r e s  and Table  20 i n  Appendix K t h a t  t h e  l i n e a r  
f i t  c o r r e l a t i o n  r e p r e s e n t s  b e s t  t h e  exper imenta l  d a t a  f o r  e t h a n e ,  e t h y l e n e ,  
and carbon d i o x i d e  i n  t h e  t empera tu re  range o f  212.7 K t o  301.4 K f o r  a l l  
o f  which t h e  t empera tu re  i s  approx imate ly  l e s s  than  t h e  c r i t i c a l ,  s u g g e s t -  
i n g  t h a t  t h e  adsorbed phase  i s  more l i q u i d - l i k e .  T h i s  f i n d i n g ,  t o g e t h e r  
w i t h  t h e  r e s u l t s  o f  t h e  c o r r e l a t i o n  developed f o r  o t h e r  g a s e s  i n  F i g u r e  14 
f o r  which T  < Tc (propane,  bu tane ,  and propylene)  , s u g g e s t s  t h a t  t h e  l i n e a r  
f i t  c o r r e l a t i o n  be used f o r  gases  f o r  which T  s T f o r  b e s t  r e s u l t s .  The 
C 
c o r r e l a t i o n  shou ld  n o t  be used f o r  any g a s  a t  p r e s s u r e s  below one atmos- 
phere .  
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Figure 15. Prediction of Pure Gas Isotherms at 301.4 K Using a 
Linear Fit of the Characteristic Curve 
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Figure 16. Prediction of Pure Gas Isotherms at 260.2 K Using a 
Linear Fit of the Characteristic Curve 
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F i g u r e  17 .  P r e d i c t i o n  o f  P u r e  Gas  I s o t h e r m s  a t  212.7 K U s i n g  a 
L i n e a r  F i t  o f  t h e  C h a r a c t e r i s t i c  C u r v e  
Prediction of Adsorption of Pure Gases from Characteristic Curve 
(Figure 13) 
A method is presented next for the prediction of pure gas adsorp- 
tion data on activated carbon, type BPL, for gases for which T Tc, using 
the characteristic curve represented in Figure 13. 
Data Required for the Substance. 
1. Critical temperature and pressure, Tc and PC 
2. Normal boiling point temperature, T 
nbp 
3. Saturated liquid molar volume at the normal boiling point, 
4. BWR equation of state parameters 
Given the equilibrium temperature and pressure, T and P, the adsorp- 
tion capacity is predicted from Figure 13 as follows: 
Abscissa (equations (15) and (21)). 
5. The saturation pressure, ps, at T is evaluated with the Kirch- 
hof f equation (see equation (90) in Appendix F) 
6. The fugacity at ps and T, fs(ps,T), is evaluated from the BWR 
equation of state for the substance 
7. The fugacity at P and T, f(P,T), is evaluated from the BWR 
equation of state for the substance 
8. The abscissa of the characteristic curve is determined as 
Ordinate (equation (72)). 
9. The ordinate corresponding to P and T is determined graphically 
from Figure 13 or analytically from equations (77) to (79) 
(D-R e q u a t i o n  l e a s t  s q u a r e s  f i t )  o r  (80) t o  (82) ( l i n e a r  l e a s t  
s q u a r e s  f i t ) .  T h i s  v a l u e  c o r r e s p o n d s  t o  
Adsorp t ion  Capac i ty .  
10. The s a t u r a t e d  l i q u i d  volume of  t h e  s u b s t a n c e  a t  T ,   is(^), i s  
e v a l u a t e d  from e q u a t i o n  (29) o r  (30) 
a  
11. The a b s o l u t e  a d s o r p t i o n  c a p a c i t y ,  n  i s  de te rmined  from r e l a -  
0 '  
12.  The Gibbs a d s o r p t i o n  c a p a c i t y ,  no,  i s  e v a l u a t e d  w i t h  e q u a t i o n s  
( 7 6 ) ,  ( 2 9 ) ,  and (30). 
Mix tu re  Gas I s o t h e r m s  
Gran t  and Manes25 proposed a  c o r r e l a t i o n  method,  based on t h e  Po ten-  
t i a l  Theory of  a d s o r p t i o n ,  i n  which g a s  m i x t u r e  a d s o r p t i o n  d a t a  were  com- 
p u t e d  from a  c h a r a c t e r i s t i c  c u r v e  f o r  pure  components o n l y  ( s e e  Chap te r  
IV) .  T h i s  method i m p l i e s  t h a t  a  c h a r a c t e r i s t i c  c u r v e  f o r  t h e  g a s  m i x t u r e s  
can be c o n s t r u c t e d  and t h a t  i t  i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  one con- 
s t r u c t e d  f o r  t h e  p u r e  g a s e s .  A super imposab le  c o r r e l a t i o n  o f  t h i s  k i n d  was 
developed w i t h  success  f o r  t h e  f i r s t  t ime on t h e  sys tem methane-carbon 
d i o x i d e - a c t i v a t e d  ca.rbon by Rogers.  
47 
The main purpose  i n  t h i s  d i s s e r t a t i o n  r e g a r d i n g  m i x t u r e  g a s  adsorp-  
t i o n  was t o  o b t a i n  a  s i n g l e  c h a r a c t e r i s t i c  c u r v e  f o r  a l l  t h e  b i n a r y  and 
t e r n a r y  m i x t u r e  combina t ions  s t u d i e d  (methane, e t h a n e ,  and e t h y l e n e ) ,  
under  a  wide range  o f  t empera tu re  (212.7 K t o  301.4 K) and p r e s s u r e  (20 t o  
2  
450 ps ia /138  t o  3100 k ~ / m  ) c o n d i t i o n s  t h a t  was super imposab le  on t h e  pure  
gas  adso rp t ion  c o r r e l a t i o n ,  so t h a t  adsorp t ion  c a p a c i t i e s  f o r  mix tures  
could be p red i c t ed  from pure gas adsorp t ion  da t a  only.  The c o r r e l a t i o n  
was t o  fo l low t h e  Grant and Manesz5 method r e ~ r e s e n t e d  bv equat ion (41) . 
i t s  o r d i n a t e  being t h e  mixture  adso rba t e  volume per  gram of  adsorbent ,  
A 
'am' and t h e  a b s c i s s a  t h e  r a t i o  of  t h e  adsorp t ion  p o t e n t i a l  t o  t h e  a f f i n i t y  
c o e f f i c i e n t  (eva lua ted  a s  f (T ) )  , assuming an i d e a l  adsorbed s o l u t i o n .  
s nbp 
H 
The mixture  adsorba te  molar volume, Vam, was es t imated  by Grant 
and ~ a n e s ' ~  by a d d i t i v i t y  of  pure l i q u i d  component s a t u r a t e d  molar volumes 
a t  an a r b i t r a r y  pseudo-pressure def ined  by equat ion (45).  The t o t a l  amount 
sorbed.  t h e  mole f r a c t i o n  of a  com~onent  i n  t h e  adsorbed ~ h a s e .  x . .  beinn I 
t i o n  p re s su re  and T, f s (ps ,T) ,  and t h e  f u g a c i t y  of t h e  components a t  P ,  T ,  
and ( y . ]  a r e  determined from an app rop r i a t e  equa t ion  of s t a t e .  
1 
I n  t h i s  work, a  modi f ica t ion  of t he  Grant and Manesz5 method was 
used t o  t e s t  t h e  experimental  da t a .  The c h a r a c t e r i s t i c  curve was descr ibed  
by equat ion (41) where 
a l l  i 
and f (T) fol lows t h e  same scheme given f o r  pure gas  adso rp t ion  d a t a  by 
S 
e q u a t i o n s  (29) and (30).  Gibbs a d s o r p t i o n  c a p a c i t i e s  were  used i n s t e a d  
o f  a b s o l u t e  v a l u e s  t o  s i m p l i f y  t h e  u s e  o f  t h e  c o r r e l a t i o n ;  t h e  u s e  o f  
e i t h e r  o f  t h e s e  d e f i n i t i o n s  d i d  n o t  a f f e c t  t h e  c o r r e l a t i o n  s u b s t a n t i a l l y .  
The c o r r e l a t i o n  o b t a i n e d  f o r  a l l  m i x t u r e  a d s o r p t i o n  d a t a  i n  t h i s  work i s  
g iven  i n  Tab le  21 i n  Appendix K;  i t  was produced w i t h  program GRANTB, de-  
s c r i b e d  b r i e f l y  i n  Appendix L. A g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e s e  d a t a  
i s  g iven  i n  F i g u r e  18. Some d a t a  p o i n t s  have been o m i t t e d  f o r  t h e  s a k e  
o f  c l a r i t y .  From t h i s  f i g u r e  i t  i s  concluded t h a t  t h e  a d s o r p t i o n  c a p a c i -  
t i e s  o f  t h e  componerits (methane, e t h a n e ,  o r  e t h y l e n e )  i n  b i n a r y  and ter-  
n a r y  m i x t u r e s  on a c t i v a t e d  ca rbon ,  t y p e  BPL, a t  t e m p e r a t u r e s  between 212.7 
K and 301.4 K ,  p r e s s u r e s  between 20 and 450 p s i a ,  and g a s  phase  composi- 
t i o n s  d e f i n e d  i n  T a b l e s  12-15, Appendix G ,  do n o t  c o r r e l a t e  w e l l  i n  one 
s i n g l e  c h a r a c t e r i s t i c  c u r v e  d e f i n e d  by e q u a t i o n s  (41) ,  (29) ,  (30) ,  and 
(85).  From T a b l e  21. i n  Appendix K i t  can be shown t h a t  i t  i s  methane a t  
301.4 K,  b o t h  i n  b i n a r y  and t e r n a r y  g a s  m i x t u r e s ,  t h a t  does  n o t  s a t i s f y  
A 
t h e  e q u i - p o t e n t i a l  concept  a t  c o n s t a n t  V i n  e q u a t i o n  (41).  That  i s ,  f o r  
am 
A 
a  f i x e d  o r d i n a t e ,  Vam, more t h a n  one a b s c i s s a  i s  o b t a i n e d  f o r  a  c e r t a i n  
a d s o r p t i o n  mix tu re .  A similar e f f e c t  f o r  hydrogen,  i n  hydrogen-methane- 
carbon d i o x i d e  b i n a r y  and t e r n a r y  sys tems ,  h a s  been r e p o r t e d  by Rogers. 
47 
T h i s  e f f e c t  can be  seen  i n  F i g u r e  1 8  where t h e  methane d a t a  p o i n t s  a t  
301.4 K are s c a t t e r e d  t o  t h e  ext reme r i g h t  ( s e e  c o n t i n u o u s  l i n e  l a b e l e d  R) 
o f  t h e  l i n e a r  f i t  o f  t h e  pure  g a s  c o r r e l a t i o n  ( i n  segmented l i n e )  which 
are n o t  c o n s i d e r e d  'n t h e  c o r r e l a t i o n ,  a c h a r a c t e r i s t i c  c u r v e  f o r  t h e  mix- 
t u r e s  t h a t  i s e s s e n t i a l l y  super imposable  on t h e  c h a r a c t e r i s t i c  c u r v e  o f  
t h e  p u r e  g a s e s  g iven  i n  F i g u r e  1 3  i s  o b t a i n e d .  T h i s  c o n c l u s i o n  i s  t h e  
T h i s  Work 
L i n e a r  F i t  i n  F i g u r e  13  
0 20 40 60 80 100 120 
(RT l n  (fsx/T)/F (T ) , cal/cm 3 s nbp 
F i g u r e  18.  C h a r a c t : e r i s t i c  Curve f o r  Gas Mix tu res  212.7 t o  301.4 K 
basic requirement of the Grant and Manes 'sZ5 method that permits the pre- 
diction of mixture adsorption capacities from pure gas adsorption data. 
It is necessary to emphasize at this point that the selection of 
the saturated liquid molar volumes scheme for the pure components in this 
correlation (see equations (29) and (30)) is arbitrary and that some other 
reasonable procedure, like equation (45), could have been used instead. 
However, the major advantage of this scheme is that it is consistent with 
the pure gas characteristic curve developed in Figure 13; it is simple to 
use; and it requires information that is readily available in the litera- 
ture. Equation (45), on the other hand, is arbitrary too, cannot be used 
normally for methane under some conditions) , and requires density 
data for the pure liquid components as functions of the temperature. 
25 
Having basically met the Grant and Manes requirement of superim-• 
posability of the mixture and pure gas characteristic curves, the calcula- 
tion of adsorption capacities for gas mixtures from pure gas adsorption . 
data, at the same experimental conditions of this study, was attempted. 
The calculation procedure followed equations (43) to (47) in Chapter I V ,  
equation (45) being replaced by (85), and equations (80) to (82) in this 
chapter being used as pure gas adsorption correlations. The calculations 
were performed with program GRANTF described briefly in Appendix L. A 
representative sample of calculation results is given graphically in Fig- 
ures 19,to 24. In Figures 19 to 21 predicted adsorption capacities for 
methane-ethylene gas mixtures (the methane content increasing from 26% to 
76.5 mol %, respectively) at 212.7 K and 301.4 K, and pressures from about 
20 to 300 psia, are presented. Predictions for ethylene were reasonably 
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Figure 19. Methane-Ethylene (26.0-74.0 mol %) Isotherm Prediction 
This Work 
-- Prediction 
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Figure 20. Methane-Ethylene (53.6-46.4 mol %) Isotherm Prediction 
This Work 
A C2H4 212.7K 
A C2H4 301.4 K 
-- Prediction 
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Figure 21. Methane-Ethylene (76.5-23.5 mol %) Isotherm Prediction 
decreasing equilibrium pressure. The maximum deviation for ethylene, with 
respect to the experimental adsorption data of this study, was 24%, the 
average deviation being + 7.7%. 
The methane capacity predictions instead were poor, showing devia-- 
tions as large as 54.4% with respect to experimental data. The average 
deviation for methane in methane-ethylene mixtures was + 28.8%. In addi- 
tion, in some instances it was not possible to obtain predictions at low 
methane compositions (see Figure 19) as the iteration procedure involved 
in solving equations (41) and (43) in Chapter IV did not converge. 
Similar results were obtained with methane-ethane gas mixtures. 
The maximum deviation in the prediction for ethane was 12.3% and the 
average + 5.6%. For methane, the maximum deviation was 71% and the aver- 
age f 38.5%. 
In Figures 22 to 24, predicted adsorption capacities for ethane- 
ethylene gas mixtures (the ethane-ethylene mole ratio increasing from 
0.32 to 2.14, respectively) under similar conditions of temperature, pres- 
sure and gas phase compositions are presented. Again, the prediction of 
adsorption capacities for ethane and ethylene was reasonably good consid- 
ering the overall scatter in Figures 13 and 18. Maximum deviations with 
respect to the present edperimental data for ethane and ethylene were 
38.4% and 25.8%, respectively; average deviations being + 11.2% and 
+ 17.8%. 
In summary, it was possible to predict with reasonable success 
ethane and ethylene adsorption capacities in methane-ethane-ethylene bi- 
nary mixtures, under the temperature, pressure, and gas phase composi- 
tion conditions of this experimental study from a linear fit of the 
Figure 22. Ethane-Ethylene (24.0-76.0 mol %) and Methane-Ethane- 
Ethylene (20.0-19.2-60.8 mol %) Isotherm Prediction 
This Work 
0 C2H6 in (B) 301.4 K 
A C2H4 in (B) 301.4 K 
C2H6 in (T) 301.4 K 
A C2H4 in (TI 301.4 K 
-- Prediction 
50 100 150 200 250 300 
P, psia 
Figure 23. Ethane-Ethylene (47.2-52.8 mol %) and Methane-Ethane- 
Ethylene (62.4-17.4-20.2 mol %) Isotherm Prediction 
Figure 24. Ethane-Ethylene (68.2-31.8 mol %) and Methane-Ethane- 
Ethylene (23.0-52.0-25.0 mol %) Isotherm Prediction 
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c h a r a c t e r i s t i c  curve f o r  pure gas adsorpt ion with average devia t ions  
b e t t e r  than + 15%. Methane adsorpt ion capaci ty  p red ic t ions  with t h i s  
method were poor; however, values could be estimated with average devia-• 
t i o n s  b e t t e r  than 40%. 
In p r i n c i p l e ,  t h e  same c o r r e l a t i o n  procedure could have been used 
t o  c a l c u l a t e  the  te rnary  adsorpt ion c a p a c i t i e s ,  t h e  only v a r i a t i o n  being 
an i t e r a t i v e  so lu t ion  of equations (41) and (43) i n  two v a r i a b l e s ,  i . e . ,  
two mole f r a c t i o n s  i n  the adsorbate phase. As the  methane content  i n  the  
t e rna ry  adsorbate  mixtures was gene ra l ly  small,  d i f f i c u l t i e s  were expected 
t o  occur i n  t h i s  ca l cu la t ion  scheme. An a l t e r n a t i v e  approach was used i n  
which the  adsorpt ion c a p a c i t i e s  f o r  ethane and ethylene i n  the  adsorbate 
were est imated by considering the  te rnary  mixture a s  a  pseudo-binary mix- 
t u r e  of a  composition ca lcu la t ed  on a methane-free b a s i s  and equil ibr ium 
pressures  equal t o  the  sum of the ethane and ethylene p a r t i a l  pressures  
i n  t h e  te rnary  mixture.  The r e s u l t s  of t h i s  method a r e  shown together  
with the  b inary  mixtures,  of approximately the  same ethane-ethylene mole 
r a t i o ,  i n  Figures 22 t o  24. These r e s u l t s  a r e  s i m i l a r  t o  the  r e spec t ive  
binary adsorpt ion mixtures discussed before  i n  t h i s  chapter .  Estimation 
of t h e  methane content  i n  the  te rnary  adsorbates may be obtained by con- 
s ide r ing  a b inary  mixture of methane-ethane o r  methane-ethylene with a  
methane content  equal t o  t h a t  of the  te rnary .  It i s  concluded t h a t  a  
f a i r  es t imat ion  of te rnary  adsorpt ion c a p a c i t i e s  can be made f o r  methane- 
ethane-ethylene gas mixtures from a l i n e a r  c o r r e l a t i o n  of the  pure gas 
adsorpt ion  da ta ,  t r e a t i n g  the  te rnary  mixture a s  a  pseudo-binary. 
From the  over ana lys i s  of the  binary and te rnary  gas adsorpt ion  
d a t a  of t h i s  s tudy r e a  sonable  t o  conclude t h a t  a  f a i r  e s t ima t  
methane-ethane-ethylene b ina ry  and t e r n a r y  gas  c a p a c i t i e s  from a pure I 
gas  c h a r a c t e r i s t i c  curve ke  F igure  13, i s  p o s s i b l e .  Furthermore 
i s  be l i eved  t h a t  t h e  e s t ima t ion  of o t h e r  b ina ry  and t e rna ry  systems can 
be at tempted under t h e  same scheme of c a l c u l a t i o n s  even though t h e  Grant 
and ~ a n e s ~ '  method appears  t o  be thermodynamically i n c o n s i s t e n t .  S imi l a r  
conc lus ions  wi th  t he  system methane-carbon d iox ide -ac t iva t ed  carbon under 
s i m i l a r  cond i t i ons  of t e m ~ e r a t u r e .  Dressure.  and c o m ~ o s i t i o n  were reached 
by ~ o ~ e r s  ." The s a t u r a t e d  volume a t  t h e  normal b o i l i n g  p o i n t  f o r  t h e  
pure  subs tances  was used i n  both coord ina tes  of t h e  c h a r a c t e r i s t i c  curve 
developed by Rogers. 
P r e d i c t i o n  of Adso 
(Figure 13)  
Gas Mixtures from C h a r a c t e r i s t i c  Curve 
A method i s  presen ted  nex t  f o r  t h e  p r e d i c t i o n  of mix ture  gas  adsorp-  
t i o n  d a t a  on a c t i v a t e d  carbon, type BPL, us ing  the  c h a r a c t e r i s t i c  curve 
f o r  pure gases  represen ted  i n  F igu re  13.  
Data Reauire  d  f o r  t h e  Pure Substances . 
1. C r i t i c a l  temperature and p re s su re ,  Tc and PC 
2.  Normal b o i l i n g  p o i n t  temperature,  T 
nbp 
3.  Sa tu ra t ed  l i q u i d  molar volume a t  t h e  normal b o i l i n n  p o i n t .  
4 .  BWR equat ion of s t a t e  parameters .  I 
Given t h e  equi l ib r ium temperature  and p re s su re ,  T and P, t h e  gas  ~ 
phase composition, , t h e  adsorp t ion  c a p a c i t i e s  f o r  t h e  components i n  
t h e  mix ture  a r e  p red i c t ed  from t h e  c h a r a c t e r i s t i c  curve  i n  F igu re  13  a s  
fo l lows  : 
5. The sa tu ra t ion  pressures  f o r  the pure components a t  T, p (T), s i  
a r e  evaluated with the Kirchhoff equation (see r e l a t i o n  (90) i n  
Appendix F )  
a r e  evaluated from the  BWR equation of s t a t e  f o r  the  substances 
7 .  The f u g a c i t i e s  of the  components i n  the  gas mixture a t  Ty P, I 
-I 
mixture parameter mixing r u l e s  given by Benedict et a l .  
8.  Equations (41) and (43) a r e  solved i t e r a t i v e l y  f o r  a l l  t he  ad- 
sorbate  mole f r a c t i o n s ,  {xi] 
9. The absc i s sa  of the  c h a r a c t e r i s t i c  curve, given by equation 
(44), i s  determined with any of the  x , ' s  
curve given i n  Figure 13 o r  a n a l y t i c a l l y  from equations (80) 
to (82) (linear least squares f i t ) ,  given the absc issa  de te r -  
mined above 
., 
11. The adsorbate mixture molar volume, i s  estimated with 
equations (85), (29), and (30) 
12. The t o t a l  amount adsorbed i s  evaluated a s  
and the individual  components as 
/ Corre la t ion  Method of Bering et a l .  
The a n a l y t i c a l  method of Bering gt- a l e 1  f o r  binary adsorpt ion cor-  
r e l a t i o n ,  a s  charac ter ized  by equations (48), (49), and (50) i n  Chapter 
I V ,  was t e s t e d  with the  experimental binary da ta  of t h i s  s tudy.  It was 
found t h a t  t h i s  method of c o r r e l a t i o n  does no t  f i t  these  experimental data 
i n  a reasonable way; moreover, i t  was found t h a t  equation (50) 
Ip = p1+p2 = cons tant  
a l l  i 
does n o t  s a t i s f y  the well  known mole f r a c t i o n  r e l a t i o n  
y7 " 0  ( p i n  
1, n (P,T) 
i=l o i  
= 1.0  
f o r  the  systems s tudied  he re .  
a l l  i 
Rela t ive  V o l a t i l i t i e s  
x 1 i 
i=l 
Experimental r e l a t i v e  v o l a t i l i t i e s  a r e  shown i n  Tables 12-15 i n  
= 1.0 
Appendix G .  The d e f i n i t i o n  f o r  binary systems follows equation (52) i n  
Chapter I V  
where component j i s  the  more s t rongly  adsorbed, i . e . ,  a' > 1. For t e r -  
nary  systems, r e l a t i v e  v o l a t i l i t i e s  a r e  given only i n  terms of 
i . e . ,  considering the  methane-ethane p a i r .  A s  expected, the  r e l a t i v e  
1 v o l a t i l i t i e s  o r  separa t ion  f a c t o r s  a r e  dependent on temperature, p res su re ,  
and gas phase composition. In t h i s  experimental s e t  of da ta  the se l ec -  I 
t i v i t v  of t h e  adsorbent f o r  the  more s t rona lv  adsorbed component. i n  
methane-ethane and methane-ethylene mixtures,  was found t o  increase  both 
with decreasing pressure  and t m e r a t u r e .  and with decreasing concentra- 
t i on  of t h a t  component i n  the  gas phase a t  constant  T and P. The same 
temperature and pressure  dependence was found f o r  ethane-ethylene systems . 
However, t he  r e l a t i v e  v o l a t i l i t y  here ,  a t  cons tant  T and P, was found t o  
inc rease  with increas ing  concentrat ion of ethane i n  the  gas phase. A 
graphica l  representa t ion  of the  r e l a t i v e  v o l a t i l i t y  f o r  the  methane-ethane 
and ethane-ethylene systems. given i n  Figures 25 and 26. supports  these  - u u L L 
conclusions.  S imi lar  f indings  a r e  reported by o the r s .  29,47,52 
The ca lcu la t ion  of r e l a t i v e  v o l a t i l i t i e s  f o r  t h e  p resen t  experi-  
mental condi t ions  with the  ca lcu la t ion  scheme discussed above ( i .  e . ,  t h e  
c h a r a c t e r i s t i c  curve of Figure 13  and the Grant and ~ a n e s ' ~  method) was 
attempted with poor r e s u l t s .  A s  t h e  methane ca lcu la t ed  mole f r a c t i o n s  
contain an important e r r o r  t h e  r e l a t i v e  v o l a t i l i t i e s  a r e  a f f e c t e d  s i g -  
n i f  i c a n t l y .  
Method of Myers and Prausni tz  
36 
An ana lys i s  of t h e  present  experimental da ta  with the  method of 
36 
Myers and Prausni tz  was n o t  attempted due t o  lack  of the  p r e c i s e  low 
pressure  adsorpt ion  da ta  requi red  i n  the  i n t e g r a t i o n  of equation (67). 
Figure 25. Relat ive V o l a t i l i t y  f o r  Methane (1 )-Ethane (2) System 
0 301.4 K 
A (68.2-31.8 mol %) 
C (24.0-76.0 mol %) 
P, psia 
Figure 26. Relative Volatility for   thane (2)-~th~lene(3) System 
CHAPTER V I  
CONCLUSIONS AND RECOMMENDATIONS 
Summary of Results  
The work t h a t  has been completed can be summarized a s  fol lows:  
1. The adsorpt ion  capaci ty  of a c t i v a t e d  carbon, type BPL, f o r  
pure methane, ethane, ethylene,  and carbon dioxide gases has been mea- 
sured a t  212.7 K,  260.2 K,  and 301.4 K,  and a t  equil ibr ium pressures  
2 
ranging from 0 .1  t o  550 p s i a  (0.69 t o  3792 kN/m ). The adsorpt ion capa- 
c i t y  f o r  methane-ethane, methane-ethylene, and ethane-ethylene b inary  
gas mixtures has been measured a t  212.7 K,  260.2 K,  and 301.4 K, a t  mole 
f r a c t i o n s  of t h e  f i r s t  component i n  the  gas phase of approximately 0.25, 
0.50, and 0.75, and a t  equil ibr ium pressures  between 19 and 300 p s i a  
2 
(131 t o  2068 kN/m ). The adsorpt ion capaci ty  f o r  methane-ethane-ethylene 
t e rna ry  gas mixtures has  been measured a t  212.7 K and 301.4 K,  a t  mole 
f r a c t i o n s  i n  the  gas phase of approximately 0.62-0.17-0.20, 0.23-0.52-0.25, 
and 0.20-0.19-0.61, and a t  equil ibr ium pressures  between 18 and 430 p s i a  
2. The adsorpt ion capaci ty  measurements f o r  t h e  pure  gases have 
been used t o  c a l c u l a t e  a s i n g l e  c h a r a c t e r i s t i c  curve f o r  t h i s  adsorbent- 
adsorbates  system following t h e  arguments of t h e  Polanyi P o t e n t i a l  The- 
ory,40 as modified by Dubinin and co-workers . '' The o rd ina te  of the  cor- 
r e l a t i o n  has been ca lcu la t ed  by using abso lu te  adsorpt ion c a p a c i t i e s  and 
the  Nikolaev and Dubinin scheme37 f o r  the  adsorbate  molar volume. The 
s a t u r a t e d  l i q u i d  molar volume a t  t he  normal b o i l i n g  po in t  has  been used 
a s  t h e  c o r r e l a t i n g  parameter i n  t h e  absc i s sa .  
3. Adsorption c a p a c i t i e s ,  a t  t h e  same experimental condi t ions  a s  
i n  t h i s  s tudy,  have been ca l cu la t ed  from a l e a s t  squares f i t  of t h e  char-  
a c t e r i s t i c  curve da ta  f o r  t he  pure gases following the  Dubinin-Radushkevich 
equation18 and a simple l i n e a r  equation containing t h e  coordina tes .  
4. The adsorpt ion  capac i ty  measurements f o r  t h e  b inary  and t e rna ry  
gas mixtures  have been used t o  c a l c u l a t e  a  c h a r a c t e r i s t i c  curve f o r  t h i s  
adsorbent-adsorbates  system following the  method proposed by Grant and 
~ a n e s . ~ ~  The o r d i n a t e  of t he  c o r r e l a t i o n  has been ca l cu la t ed  by using 
Gibbs adsorpt ion  c a p a c i t i e s ,  t h e  Nikolaev and Dubinin scheme37 f o r  t he  
adsorba te  molar volume, and the  a d d i t i v i t y  of t he  pure component adsorba te  
molar volumes f o r  t he  adsorba te  mixture volume. The s a t u r a t e d  l i q u i d  
molar volume of t h e  pure  components a t  t h e  normal b o i l i n g  po in t  has  been 
used a s  t h e  c o r r e l a t i n g  parameter i n  the  absc i s sa .  
5. Adsorption c a p a c i t i e s  of t h e  mixtures ,  a t  t h e  same experimental 
condi t ions  a s  i n  t h i s  s tudy,  have been ca l cu la t ed  from the  l i n e a r  l e a s t  
squares f i t  of t h e  pure gas c h a r a c t e r i s t i c  curve. A pseudo-binary method 
has  been used f o r  t h e  t e rna ry  mixtures .  
6.  The adsorpt ion  capac i ty  measurements f o r  t h e  b inary  gas  mix- 
t u r e s  have been used t o  t e s t  t he  c o r r e l a t i o n  method of Bering et a l .  7  
7. The adsorpt ion  capac i ty  measurements f o r  t he  mixtures  have 
been used t o  c a l c u l a t e  adsorpt ion  r e l a t i v e  v o l a t i l i t i e s ,  according t o  t h e  
d e f i n i t i o n  by Lewis et a l .  29 
Conclusions 
From the  experimental measurements the  following conclusions a r e  
derived : 
1. The adsorpt ion isotherms f o r  pure methane, ethane, and ethylene 
show a s imi la r  shape, ethane and ethylene having about equal adsorpt ion  
c a p a c i t i e s  a t  t h e  same pressures  f o r  a l l  t h ree  temperature l e v e l s  and 
methane showing much lower c a p a c i t i e s  than those two. Carbon dioxide i s o -  
therms h a v e , ' i n  genera l ,  g r e a t e r  s lopes and g r e a t e r  adsorpt ion c a p a c i t i e s  
than t h e  o t h e r  t h r e e  gases.  The adsorpt ion measurements agree,  i n  gen- 
e r a l ,  with measurements made by o the r  inves t iga to r s .  Reproducibi l i ty  of 
pure gas isotherms i s  wi th in  + 1%, the  general  accuracy being est imated 
t o  be  wi th in  + 3 t o  4%. 
2. In genera l ,  with the  exception of methane-ethane and methane- 
ethylene mixtures of low methane content ,  t h e  est imation of component ca- 
p a c i t i e s  i s  no t  poss ib le  s o l e l y  from pure adsorpt ion da ta  and t h e  p a r t i a l  
pressures  of the  components a t  a f ixed  temperature. I n  genera l ,  component 
i n t e r a c t i o n s  a r e  present  and the  d i f f e r e n t  component adsorpt ion capaci-  
t i e s  a r e  s i g n i f i c a n t l y  reduced with respect  t o  t h e i r  adsorpt ion a s  pure 
gases a t  a t o t a l  pressure  equal t o  t h e  p a r t i a l  pressure  of t h e  components 
i n  the  mixture.  It i s  apparent  from t h e  complete s e t  of mixture da ta  
t h a t  t h e  methane adsorpt ion c a p a c i t i e s  a r e  approximately temperature in -  
dependent between 212.7 K and 301.4 K. Reproducibi l i ty  of gas mixture 
adsorpt ion  measurements i s  wi th in  k 2.0%. The general  accuracy i s  e s t i -  
mated t o  be wi th in  2 5 t o  8%. No comparison with multicomponent adsorp- 
t i o n  measurements made by o the r s  i s  given due t o  lack of appropr ia te  da ta  
i n  the  l i t e r a t u r e .  
From the  pure. gas adsorpt ion da ta  c o r r e l a t i o n  the  following con- 
c lus ions  a r e  made: 
1. The adsorpt ion c a p a c i t i e s  of methane, ethane, ethylene,  and 
carbon dioxide on ac t iva ted  carbon, type BPL, i n  the  range of temperature 
and pressure  condit ions of t h i s  s tudy,  e s s e n t i a l l y  c o r r e l a t e  i n  one s i n g l e  
c h a r a c t e r i s t i c  curve. 
2.  I f  t h i s  same c o r r e l a t i o n  method i s  appl ied  t o  t h e  da ta  of 
Szepesy and I l l e s  
50,51 
f o r  methane, ethane, ethylene,  carbon dioxide,  pro- 
pane, propene, and butane on a s i m i l a r  adsorbent and a wide range of tem- 
pe ra tu re  and pressure  condi t ions ,  a  s i m i l a r  c h a r a c t e r i s t i c  curve i s  ob- 
ta ined  with some branching a t  low pressures .  This suggests t h a t  t h e  
c o r r e l a t i o n  f o r  pure gases developed i n  t h i s  study can be used i n  t h e  
p red ic t ion  of adsorpt ion c a p a c i t i e s  of severa l  gases o the r  than those 
s tudied .  
3. The Dubinin-Radushkevich equation18 does no t  represent  wel l  t he  
da ta  of t h i s  study over t h e  whole range of temperature and pressure  con- 
d i t i o n s ,  and i t  contains temperature dependent parameters which make i t s  
use impract ica l .  However, i t  can be used s a t i s f a c t o r i l y  t o  represent  t h e  
experimental da ta  i n  t h e  low pressure  region.  
4.  A l i n e a r  l e a s t  squares f i t  of the  pure gas c h a r a c t e r i s t i c  curve 
o rd ina tes  permits the  ca lcu la t ion  of adsorpt ion c a p a c i t i e s  f o r  t h e  four  
gases ,  a t  t he  condi t ions  of t h i s  study, with a  maximum devia t ion  of about 
30% and an average of +- 6.1% with r e spec t  t o  t h e  experimental va lues .  
It i s  suggested t h a t  t h i s  c o r r e l a t i o n  be used f o r  gases f o r  which T 5 Tc 
f o r  b e s t  r e s u l t s ;  i t  should n o t  be used a t  pressures  l e s s  than about one 
atmosphere. 
1. dven when the  c o r r e l a t i o n  method appears t o  be thermodynamlcaLLy 
incons i s t en t  ,48 the  adsorpt ion c a p a c i t i e s  of the  components (methane, 
ethane, o r  e thylene)  i n  binary and te rnary  systems and a t  t h e  temperature I 
and pressure  condi t ions  of t h i s  study e s s e n t i a l l y  c o r r e l a t e  i n  one s i n g l e  
I 
c h a r a c t e r i s t i c  curve i f  some methane da ta  po in t s  a t  301.4 K a r e  omitted 
from t h e  c o r r e l a t i o n .  This c h a r a c t e r i s t i c  curve i s  superimposable on the  
pure gas adsorpt ion c o r r e l a t i o n .  I 
a f a i r  es t imat ion  of b inary  and te rnary  (methane-ethane-ethylene) gas ad- 
sorpt ion  da ta  from the  pure gas adsorpt ion c o r r e l a t i o n  i s  poss ib le .  Ethane 
and ethylene adsorpt ion  c a p a c i t i e s  i n  the  mixtures can be predic ted  from 
t h e  l i n e a r  c o r r e l a t i o n  with average devia t ions  b e t t e r  than t 15% with 
I method . 
made : 
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1. The Berinn e t  a l .  c o r r e l a t i o n  does n o t  f i t  the  emer imenta l  
t he  more s t rongly  adsorbed component inc reases  both with decreasing pres-  
su re  and temperature and with concentrat ion of t h a t  component i n  t h e  gas 
phase a t  cons tant  T and P. 
Recommendations f o r  Future Work 
1. The pure gas and gas mixture c o r r e l a t i o n s  developed i n  t h i s  
study should be f u r t h e r  t e s t e d  with experimental adsorpt ion da ta  on o the r  
substances with higher  c r i t i c a l  temperatures than ethane and a  wide range 
of temperatures and pressures .  
2.  Mixture adsorpt ion measurements should be pursued with o the r  
components of low c r i t i c a l  temperature replac ing  methane, i. e . ,  n i t rogen ,  
n i t r i c  oxide, carbon monoxide, argon, e t c . ,  t o  t e s t  the equ ipo ten t i a l  
concept i n  the  Grant and ~ a n e s ' ~  method. 
3 .  Fur ther  e f f o r t s  should be expended t o  so lve  the  thermodynamic- 
a l l y  incons i s t en t  aspect  of the  Grant and ~ a i ~ e s ' ~  c o r r e l a t i o n  method. 
APPENDIX A 
CONVERSION FACTORS TO S I  SYSTEM 
In  the  present  work a combination of  u n i t s  i n  t he  Metr ic  and Engl i sh  
Systems has been used, mainly f o r  p r a c t i c a l  reasons.  However, an a t tempt  
has been made t o  p lace  t h e  u n i t s  problem i n t o  the  perspec t ive  of t he  
Sys teme I n t e r n a t i o n a l  d 'unite's (SI )  o r  I n t e r n a t i o n a l  System of Uni t s .  
Whenever i t  has been poss ib l e  o r  convenient,  S I  u n i t s  have been added i n  
t he  t e x t  o r  conversion f a c t o r s  t o  t h e  S I  system made a v a i l a b l e .  
A summary of conversion f a c t o r s  t o  the S I  system f o r  most of t he  
u n i t s  appearing i n  t h i s  t h e s i s  is given below1: 
S I  Base Units 
Length m meter 
Mass kg kilogram 
Time s second 
Thermodynamic temperature K ke lv in  
Mole mol mole 
Temwerature 
1 atm 
1 p s i a  




SYSTEM MODIFICATIONS AND ADSORPTION CELL DETAILS 
Sys tem Modi f ica t ions  
I n  t h e  p r e l im ina ry  s t a g e s  o f  t h e  exper imenta l  work when t e s t i n g  and 
o p e r a t i o n  of t h e  appa ra tu s  were being performed, evidence o f  t h e  p resence  
o f  smal l  q u a n t i t i e s  of  o i l  i n  p a r t s  o f  t he  t ub ing  system was found. The 
o r i g i n  o f  t h i s  o i l  was t r a ced  t o  one of  t h e  Bourdon gauges (P3). 
It  was decided t o  r e p l a c e  p a r t  o f  t h e  copper  tub ing  system. Acces- 
s o r y  p a r t s  and i n s t rumen ta t i on  were c leaned  thoroughly.  
No evidence was found t h a t  t h e  presence of t h e  o i l  a f f e c t e d  i n  any 
way t h e  exper imenta l  r e s u l t s  ob ta ined  by Rogers. 
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Adsorpt ion C e l l  
New Des i gn  
A s  mechanical  problems a r o s e  i n  t h i s  work w i t h  a p l a s t i c  Tef lon  
ga ske t  i n  t h e  a d s o r p t i o n  c e l l  b u i l t  by Rogersfi7 a new c e l l  de s ign  was a t -  
tempted. I t s  main purpose was t o  e l i m i n a t e  t h e  ga ske t  and s o  a complete ly  
s e a l e d  v e s s e l  de s ign  was s e l e c t e d .  A d e s c r i p t i o n  o f  t h i s  c e l l  i s  g iven  
i n  F igu re  27. 
Adsorbent Placement 
The a d s o r p t i o n  v e s s e l  was i n i t i a l l y  c leaned  and prepared 'wi thou t  t h e  
Swagelok male connec tor .  Glass  wool was i n t roduced  and p laced  a t  t h e  bo t -  
tom o f  t he  c e l l .  Then, 32.19 grams o f  a c t i v a t e d  carbon,  a s  c h a r a c t e r i z e d  
- 
105 
i n  Appendix F, was in t roduced  nex t ,  and covered a t  t h e  top  w i t h  g l a s s  wool. 
The Swagelok male connec tor  was then p laced  i n  p o s i t i o n  w i t h  Tef lon s t r i p  
0 
and l a t e r  s e a l e d  w i t h  a 63/37 Sn-Pb s o l d e r  (mel t ing p o i n t  182 C ) .  
" O.D. Copper 
1 - -  S t a i n l e s s  s t e e l  Swagelok m a l e  c o n n e c t o r  
1 /4"  t u b e  O.D. -- 3/4"  m a l e  p i p e  s i z e  
2  - -  63/37 Sn-Pb s o l d e r  
3  --  S i l v e r  s o l d e r  
4  -- 1 /8"  O.D. c o p p e r  t u b i n g  
F i g u r e  27. New A d s o r p t i o n  C e l l  
APPENDIX C 
TEMPERATURE SCALE AND CORRECTIONS FOR PRESSURE GAUGES 
The t empera tu re  measurements r e p o r t e d  i n  t h i s  work were o b t a i n e d  by 
u s i n g  two t y p e  E , Chromel-Cons t a n t a n  thermocouples w i t h i n  t h e  a d s o r p t i o n  
sys tem c r y o s t a t .  D e t a i l s  o f  t h e i r  c o n s t r u c t i o n  a r e  g i v e n  i n  ~ o g e r s ' s  
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t h e s i s .  
The thermocouples were  c a l i b r a t e d  u s i n g  a c a p s u l e -  type  p la t inum 
r e s i s t a n c e  thermometer,  LEEDS and NORTHRUP S e r i a l  1583526, which had been 
c a l i b r a t e d  by t h e  U.S. N a t i o n a l  Bureau o f  S tandards  on t h e  I n t e r n a t i o n a l  
P r a c t i c a l  Temperature S c a l e  o f  1948. A l l  t empera tu re  measurements i n  t h i s  
work were  r e p o r t e d  on t h e  IPTS-68 s c a l e  w i t h  a n  u n c e r t a i n t y  of  ?- 0 . 1  K .  
The measured t empera tu res  were  conver ted  from IPTS-48 t o  IPTS-68 based on  
2 
t h e  f o l l o w i n g  r e l a t i o n  g i v e n  by Barber  : 
Using a n  i c e  r e f e r e n c e  b a t h ,  t h e  e l e c t r o m o t i v e  f o r c e  v a l u e s  o f  t h e  
two c r y o s t a t  thermocouples a t  212.7 K ,  260.2 K ,  and 301.4  K were  3 .125 ,  
0.707,  and - 1.592 m i l l i v o l t ,  r e s p e c t i v e l y .  
P r e s s u r e  measurements i n  t h i s  work were o b t a i n e d  from mercury- in-  
g l a s s  manometers and Bourdon-type gauges ( s e e  F i g u r e s  1 and 2 i n  Chap te r  
I I ) ,  depending on  t h e  p r e s s u r e  l e v e l  o f  t h e  measurements.  Manometers were  
used f o r  p r e s s u r e s  below 15 p s i a  g i v i n g  a n  u n c e r t a i n t y  i n  t h e  measurements 
of i- 0.05 ps i a .  For the  pure gas adsorpt ion  isotherm determinat ion a 
Heise gauge (P3) was used f o r  pressures between 15-250 ps i a  i- 0.25 p s i a ,  
and a Martin-Decker gauge (P2) f o r  the range 250-550 ps i a  k 1.5  p s i a .  For 
the  mixture adsorpt ion  measurements an Ashcroft gauge (PI) was used be-  
tween 15-300 ps i a  + 0.5  ps i a  and gauge P2 i n  the range 300-450 ps i a  * 1 . 5  
ps i a .  The th ree  gauges were c a l i b r a t e d  by a g a i n s t  a dead weight 
t e s t e r .  Correct ion p l o t s  f o r  gauges P1 and P2 a r e  given i n  Rogers 's t h e s i s .  
No co r rec t ion  was necessary f o r  gauge P3. 
APPENDIX D 
PURITY OF GASES AND GAS MIXTURE PREPARATION 
P u r i t y  of  Gases 
The methane, e t hane ,  and e thy l ene  used i n  t h e  adso rp t i on  exper iments  
were s upp l i ed  by Matheson Gas Produc ts ,  t h e  carbon d iox ide  by Liquid Car- 
bon ic ,  t h e  quoted p u r i t y  i n  mole pe r cen t  be ing  a s  fo l lows :  
Me thane 99.995 mol% 
Ethane 99.96 mol% 
Ethylene 99.997 mol% 
Carbon d iox ide  99.95 mol% 
The hydrogen used a s  t h e  c a r r i e r  gas  i n  t h e  gas  chromatograph ana- 
l y z e r  was supp l i ed  by Matheson Gas Products  w i t h  a p u r i t y  c e r t i f i e d  a s  
99.95 mol% minimum. 
The helium gas  used a s  a purge gas  i n  t h e  gas  mix ture  i so therm mea- 
surements was supp l i ed  by Se lox ,  I nc .  The p u r i t y  was quoted t o  be 99.995 
mol%. 
Gas Mixture  P r e p a r a t i o n  
A l l  b i na ry  and t e r n a r y  gas  mix tures  used i n  t h i s  exper imenta l  work 
3 
were prepared i n  a f i v e  l i t e r  (0.005 m ) evacuated commercial s t e e l  gas  
c y l i n d e r .  Adequate mixing o f  t h e  gases  was accomplished by r o t a t i n g  the  
c y l i n d e r  i n t e r m i t t e n t l y ;  f ou r  b r a s s  rods  were  placed i n s i d e  t h e  c y l i n d e r  





CALIBRATION OF GAS CHROMATOGRAPH 
Opera t ing  Condi t ions  
P r i o r  t o  t h e  c a l i b r a t i o n  of  t h e  WENCO, Model 2400-TI, gas  chromato- 
graph equipped w i t h  a  h o t  wire thermal  c o n d u c t i v i t y  d e t e c t o r ,  t h e  s e p a r a t i o n  
column, t h e  c a r r i e r  g a s ,  and t h e  o p e r a t i n g  c o n d i t i o n s  were  s e l e c t e d  t o  
o b t a i n  t h e  b e s t  component s e p a r a t i o n .  The same s i l i c a  g e l  column used by 
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Rogers was s e l e c t e d  s i n c e  it  accomplished t h e  s e p a r a t i o n  o f  a methane,  
e t h a n e ,  e t h y l e n e ,  and hel ium gas  m i x t u r e  s a t i s f a c t o r i l y  under  t h e  o p e r a t i n g  
c o n d i t i o n s  g iven  i n  Table  2. The s e p a r a t i n g  column was p r e v i o u s l y  r e a c -  
0 
t i v a t e d  by f lowing p u r e  hydrogen c a r r i e r  gas  a t  abou t  200 C o v e r n i g h t .  A 
PERKIN-ELMER sampling v a l v e  w i t h  a  5 cm3 loop was used t o  e s t a b l i s h  t h e  
b e s t  o p e r a t i n g  c o n d i t i o n s .  Output  from t h e  a n a l y z e r  was recorded  on a  
LEEDS and NORTHRUP, Model W ,  p o t e n t i o m e t e r  w i t h  a  2 . 0  m i l l i v o l t  span  and 
a  two i n c h  p e r  minute  c h a r t  speed.  
C a l i b r a t i o n  Procedure  
It was n e c e s s a r y  t o  c a l i b r a t e  t h e  gas  chromatograph s o  a s  t o  hand le  
a n a l y s e s  o f  b i n a r y  mix tures  of  methane, e t h a n e ,  and e t h y l e n e ,  t e r n a r y  mix- 
t u r e s  o f  t h e s e  b i n a r i e s  w i t h  helium purge g a s ,  t e r n a r y  mix tures  of methane,  
e t h a n e ,  and e t h y l e n e ,  and f o u r  component mix tures  o f  t h e s e  t e r n a r i e s  w i t h  
hel ium gas  o v e r  t h e  f u l l  range o f  composi t ions  from 0  t o  100 mole p e r c e n t .  
Th i s  c a l i b r a t i o n  was accomplished by c a l i b r a t i n g  t h e  gas  a n a l y z e r  
Table  2. Gas Chromatograph O p e r a t i n g  Condi t ions  
Column 
O u t s i d e  Diameter,  
inches  
nun 
S i l i c a  Ge l ,  40180 mesh 
114 s t a i n l e s s  s t e e l  
6.35 
Length,  m 
C a r r i e r  Gas 
C a r r i e r  Gas I n l e t  P r e s s u r e ,  
ps i a  
k~ /m2 
Carrier Gas Flow Rate  a t  Room 
T and P, cm3/s 
Sample S i z e ,  cm 3 
0 
Oven Temperature,  C 
0 
D e t e c t o r  Temperature,  C 
D e t e c t o r  Fi lament  C u r r e n t ,  mA 
Hydrogen 
f o r  each pure  g a s ,  i . e . ,  methane, e t h a n e ,  e t h y l e n e ,  o r  helium, a s  peak 
h e i g h t  r esponse  v e r s u s  moles o f  pure  g a s ,  a t  d i f f e r e n t  a t t e n u a t i o n  s e t t i n g s  
o f  t h e  i n s t r u m e n t .  An a c t u a l  sample c a l i b r a t i o n  graph f o r  t h e  f o u r  gases  
a t  a  f i x e d  a t t e n u a t i o n  s e t t i n g  i s  g i v e n  i n  F i g u r e  28. The a b s c i s s a s  on 
t h e s e  f i g u r e s  were developed by vary ing  t h e  amount o f  p u r e  gas  i n j e c t e d  
i n t o  t h e  gas  a n a l y z e r .  
The number o f  moles o f  pure  gas  i n  t h e  gas  a n a l y z e r  sample v a l v e ,  
n  can  be r e p r e s e n t e d  by t h e  f o l l o w i n g  r e l a t i o n :  
s v '  
where Vsv i s  t h e  sample v a l v e  t o t a l  volume ( i . . ,  i t s  i n t e r n a l  volume p l u s  
t h e  loop volume), and P,  T, and Z a r e  t h e  gas  p r e s s u r e ,  t empera tu re ,  and 
c o m p r e s s i b i l i t y  f a c t o r ,  r e s p e c t i v e l y ;  R  is  t h e  u n i v e r s a l  gas  c o n s t a n t .  
A s  t h e  t empera tu re  (room c o n d i t i o n s )  was f i x e d ,  t h e  number o f  moles 
were v a r i e d  by changing t h e  p r e s s u r e  o f  t h e  gas  and t h e  volume of  t h e  
sample v a l v e .  I n  p r a c t i c e ,  f o u r  p r e s s u r e  l e v e l s  were e s t a b l i s h e d  between 
2 
16 and 30 p s i a  (110-207 kN/m ) and t h e  volume was modif ied by u s i n g  d i f -  
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f e r e n t  volume loops  (5 cm , 1 cm , and 0 . 1  cm ). 
The p r a c t i c a l  exper imenta l  procedure  t o  o b t a i n  a  peak h e i g h t  v e r s u s  
moles o f  pure  gas  d a t a  p o i n t  f o r  a  f i x e d  i n s t r u m e n t  a t t e n u a t i o n  and sample 
v a l v e  volume is  d e s c r i b e d  n e x t .  Reference is  made t o  t h e  schemat ic  d i a -  
gram g i v e n  i n  F i g u r e  29. I n i t i a l l y ,  t h e  sample v a l v e  was s e t  i n  t h e  p o s i -  
t i o n  shown i n  F i g u r e  29, i . e . ,  o n l y  c a r r i e r  gas  flowed t o  t h e  gas  cl-mmato- 
g raph ,  and t h e  sample v a l v e  volume was connected t o  t h e  c a l i b r a t i o n  system.  


Valves V l ,  V3, and V6 were c l o s e d ;  V2 and V5 were opened. V4 was opened 
t o  evacua te  t h e  system; then  i t  was c l o s e d .  Pure  gas  was a l lowed to flow 
i n t o  t h e  sys tem by opening V6 and moni to r ing  manometer 3 .  The system was 
t h e n  purged w i t h  pure  g a s  f o r  a  s h o r t  p e r i o d  o f  t i m e  by opening V 1  s l i g h t l y .  
The p r e s s u r e  l e v e l  r e q u i r e d  was a t t a i n e d  by a d j u s t i n g  va lves  V 1  and V h  
and r e a d i n g  manometer 3 .  The s y s  tem p r e s s u r e ,  t h e  room temperatrrre, and 
p r e s s u r e  were then  recorded .  The a n a l y z e r  sample v a l v e  was s e t  i n  t h e  
1 e v a l u a t e d  from t h e  r e c o r d e r  c h a r t .  Knowing t h e  a b s o l u t e  p r e s s u r e ,  temper- 1 
moles o f  gas  were c a l c u l a t e d  u s i n g  r e l a t i o n  ( 8 8 ) ,  Z be ing  e s t i m a t e d  from 
t h e  BWR e q u a t i o n  o f  s t a t e  f o r  t h e  gas  a t  t h e  same tempera tu re  and p r e s s u r e .  
Th i s  e x p e r i m e n t a l  procedure  was r e p e a t e d  f o r  t h e  f o u r  gases  a t  t h e  
t h r e e  loop sample volumes and f o u r  p r e s s u r e  l e v e l s ,  producing a  s e t  o f  
l i n e a r i t y  a t  h i g h e r  c o n c e n t r a t i o n s  o f  t h e  gas  and a r e  e s s e n t i a l l y  l i n e a r  
a t  low c o n c e n t r a t i o n .  I n  a d d i t i o n ,  t h e  hel ium gas  c a l i b r a t i o n  curves  
( s e e  F i g u r e  28) show a  tendency towards c o n s t a n t  peak h e i g h t  f o r  a  number 
o f  moles i n  t h e  sample v a l v e ,  n  g r e a t e r  than  0.23 mg-mol. However, 
s v 3  
t h i s  p a r t  o f  t h e  curve  was never  used i n  e v a l u a t i n g  a n a l y s e s  i n  t h i s  s t u d y .  
These curves  were checked by a n  independent  method used i n  t h i s  
I l a b o r a t o r y  p r e v i o u s l y .  I n  t h i s  procedure  b i n a r y  gas  mix tures  of  kriowr~ 
composi t ion were prepared  w i t h  a  sample mixing b u r e t t e  b u i l t  by  irk'^ i lnd 
ana lyzed  i n  t h e  same gas  chromatograph a n a l y z e r  under the same o p e r a t i n g  
c o n d i t i o n s .  
The mixing b u r e t t e  a n a l y s e s  d e v i a t e d  from t h e  c a l i b r a t i o n  c u r v e  
a n a l y s e s  w i t h i n  a maximum of  6.3% and a n  average  d e v i a t i o n  o f  ' 2.5%. 
These r e s u l t s  a r e  p r e s e n t e d  i n  Tab le  3 .  The accuracy  o f  t h e  a n a l y s i s  made 
w i t h  t h e  mixing b u r e t t e  i s  cons idered  t o  be + 3%. 47 It is b e l i e v e d  t h a t  
t h e  accuracy  o f  a l l  a n a l y s e s  performed dur ing  t h i s  exper imenta l  work and 
e v a l u a t e d  w i t h  t h e  s e t  o f  c a l i b r a t i o n  curves  d e s c r i b e d  b e f o r e  f a l l s  w i t h i n  
To a l l o w  f o r  day-to-day f l u c t u a t i o n s  which can a f f e c t  a chromatograph 
c a l i b r a t i o n  ( i . e . ,  a tmospher ic  p r e s s u r e ,  chromatograph column tempera tu re ,  
v o l t a g e  supp ly ,  d e t e c t o r  t empera tu re ,  and r e c o r d e r  changes) t h e  a n a l y z e r  
d e t e c t o r  f i l a m e n t  c u r r e n t  was s e t  s o  a s  t o  reproduce a s t a n d a r d  pure  meth- 
a n e  peak h e i g h t  a s  measured d u r i n g  t h e  c a l i b r a t i o n  p e r i o d .  Th is  procedure  
was always fol lowed b e f o r e  a new s e t  of a n a l y s e s  was performed. It i s  
b e l i e v e d  t h a t  v a r i a t i o n s  o f  t h i s  type  d i d  n o t  a f f e c t  t h e  mole p e r c e n t  
a n a l y s i s  by more than  1%. 
No chromatograph c a l i b r a t i o n  was performed upon complet ion o f  t h e  
a d s o r p t i o n  exper iments .  There i s  r e a s o n  t o  b e l i e v e  t h a t  such a c a l i b r a t i o n  
was unnecessary  because ,  a t  t h e  end o f  t h e  exper imenta l  program, a b i n a r y  
gas m i x t u r e  used n e a r  t h e  beginning o f  t h e  b i n a r y  a d s o r p t i o n  measurements 
was reana lyzed ;  t h e  agreement o b t a i n e d  was w i t h i n  2%. 
Table 3. Comparison of C a l i b r a t i o n  Curves Analysis  w i t h  Gas Mixing 
Bure t t e  Analysis  
- - - --- - 
Gases MB Analys i s ,  % CC Analys i s ,  % Deviat ion,  % 
He 1 ium 66.9 67.8 -1.4 
Methane 33.1 32.2 2.7 - 
Helium 97.2 97.3 -0 .1  
Me thane 2.8 2.7 3.6 
Helium 66.7 65.4 2.0 
Ethane 33.3 34.6 -3.9 
He 1 ium 97.0 97.2 -0.2 
Ethane 3 .0  2.8 6.3 
Helium 67.0 65.8 1 .8  
Ethylene 33.0 34.2 -3.6 
Helium 96.7 96.8 -0 .1  
Ethylene 3 .3  3.2 3.0 
Me thane 2.7 2.6 3.7 
E thane 97.3 97.4 -0 .1  
Me thane 33.1 35.0 -5.7 
Ethane 66.9 65.0 2.8 
Me thane 66.6 64.9 2.6 
E thane 33.4 35.1 -5.1 
Me thane 97.4 97.3 0 . 1  
Ethane 2.6 2.7 -3.9 
Me thane 3 .3  3.4 -3.0 
Ethylene 96.7 96.6 0 . 1  
Me thane 33.2 32 .1  3 .3  
Ethylene 66.8 67.9 -1.7 
M e  thane 45.8 4 7 . 7  -4 .2  
Ethylene 54.2 52.3 3 .5  
Me thane 66.7 66.4 0 . 5  
Ethylene 33.3 33.6 -0.9 
Me thane 96.7 96.9 -0.2 
Ethylene 3.3 3.1 6 = 1  -- 
Ethane 66.7 66.0 1.1 
Ethylene 33.3 34.0 -2 .1  
MB = Mixing Bure t t e  
CC = C a l i b r a t i o n  Curves 
Deviat ion,  % = (MB Analysis  - CC Analys i s )  1 0 0 / ~ ~  Analysis  
APPENDIX F 
CHARACTERIZATION OF MATERIALS 
A c t i v a t e d  Carbon Adsorbent 
The a d s o r b e n t  used i n  t h i s  s t u d y  i s  a  microporous a c t i v a t e d  carbon 
w i t h  a  heterogeneous  s u r f a c e ,  which has  been a v a i l a b l e  commercia l ly  f o r  
s e v e r a l  y e a r s .  It is  d e s c r i b e d  a s  Type BPL and manufactured by t h e  P i t t s -  
burgh Chemical Co. Th is  p a r t i c u l a r  type  o f  a d s o r b e n t  was s e l e c t e d  a s  i t  
has  been used b e f o r e  by o t h e r s .  23-25' 28' 359 47 ~ a n u f a c t u r e r ' s  d a t a  f o r  
t h e  m a t e r i a l  i s  r e p o r t e d  i n  Table  4.  
A r e p r e s e n t a t i v e  sample o f  t h e  6/16 mesh s i z e  carbon b a t c h  ( t h e  
same b a t c h  used by ~ o ~ e r s ~ ~ ) ,  o b t a i n e d by s e l e c t i n g  abou t  s i x  p o r t i o n s  o f  
carbon a t  random and mixing them, was crushed and s i e v e d  t o  20/65 mesh 
s i z e  b e f o r e  p l a c i n g  32.19 grams of i t  i n  t h e  a d s o r b e n t  c e l l  ( s e e  Appendix B ) .  
As p a r t  o f  t h i s  s t u d y ,  a  c o n v e n t i o n a l  n i t r o g e n  BET s u r f a c e  a r e a  de-  
t e r m i n a t i o n  was performed i n  d u p l i c a t e  on a  p o r t i o n  o f  t h e  carbon p r e p a r e d  
f o r  t h e  sample i n  t h e  a d s o r p t i o n  c e l l .  The r e s u l t s  o f  t h e s e  t e s t s  were 
2  2  1000 and 975 m /gC, g i v i n g  a n  average  o f  988 m /gC. This  l a s t  v a l u e  i s  
2  between t h e  one r e p o r t e d  by ~ o ~ e r s ~ ~  (967 m /gC) and t h a t  g i v e n  by t h e  
2  manufac tu re r  (1050-1150 m / g ~ ) .  
P h y s i c a l  P r o p e r t y  Data f o r  Pure  Components 
I n  t h e  d i f f e r e n t  c a l c u l a t i o n s  involved i n  t h i s  t h e s i s  t h e  f o l l o w i n g  
p h y s i c a l  p r o p e r t y  d a t a  f o r  t h e  pure  components were r e q u i r e d :  
Table 4 .  Act iva ted  Carbon Cha rac t e r i s  t i c s  (Manufacturer ' s  Data) 
Manufacturer:  P i t t s b u r g h  Act iva ted  Carbon Div is ion ,  Calgon Corp. 
Type: BPL 
Mesh S i z e :  6/16 mesh 
Phys i ca l  P r o p e r t i e s  : 
T o t a l  Su r f ace  Area 
2 
(N2, BET method), m / g ~  
Apparent Dens i t y  
(Bulk Dens i t y  , dense packing) , g/cm 3 0.5 
P a r t i c l e  Densi ty  
(Hg  isp placement), g/cm 
3 
Real Densi ty  
(He Displacement),  g/cm 
3 
Pore Volume 3 
(Within P a r t i c l e ) ,  cm / g ~  
Voids i n  Dense Packed Column, % 40 
S p e c i f i c  Heat a t  1 0 0 ~ ~  0.25 
Pore S t r u c t u r e :  Micropore s i z e  by wate r  de so rp t i on  isotherm shows 
major p o r t i o n  i n  t he  18-21 Angstrom (1.8-2.1 nm) diameter  range.  
1. Parameters  f o r  t h e  BWR e q u a t i o n  of  s t a t e .  
2. C r i t i c a l  c o n s t a n t s ,  normal b o i l i n g  p o i n t  t empera tu res ,  and 
s a t u r a t e d  l i q u i d  molar  volumes a t  t h e  normal b o i l i n g  p o i n t  f o r  t h e  con- 
densed components. 
3 .  Molecular  w e i g h t s  f o r  t h e  components. 
4. Vapor p r e s s u r e  d a t a  f o r  t h e  condensed components a t  212.7 K ,  
260.2 K ,  and 301.4 K. 
Bened ic t  a ~ . ~  BWR parameters  were s e l e c t e d  f o r  methane,  e t h a n e ,  
14 
and e t h y l e n e ,  and t h e  Cul len  and Kobe parameters  f o r  carbon d i o x i d e .  The 
parameter  C f o r  e t h a n e  and carbon d i o x i d e  a t  212.7 K was c o r r e c t e d  f o r  
0 
t empera tu re  dependence fo l lowing  t h e  ~ r ~ e ~ ~  procedure .  The parameters  
s e l e c t e d  f o r  t h e  f o u r  g a s e s  a r e  p r e s e n t e d  i n  Tab le  5; u n i t s  a r e  g i v e n  i n  
liter-atmosphere-Kelvin-gram-mole. 
C r i t i c a l  c o n s t a n t s ,  normal b o i l i n g  p o i n t  t empera tu res ,  and s a t u r a t e d  
10 
l i q u i d  molar  volumes were s e l e c t e d  from t h e  Can ja r  and Manning compila- 
t i o n .  It i s  b e l i e v e d  t h a t  t h i s  s o u r c e  o f  d a t a  i s  r e l i a b l e  and a p p r o p r i a t e  
f o r  t h i s  work. 
C r i t i c a l  t empera tu res  and p r e s s u r e s  f o r  t h e  s u b s t a n c e s  a r e  shown 
i n  Table  6 .  Normal b o i l i n g  p o i n t  t empera tu res  f o r  methane,  e t h a n e ,  and 
e t h y l e n e  and t h e  t r i p l e  p o i n t  f o r  carbon d i o x i d e  a r e  g iven  i n  t h e  same 
t a b l e .  Temperatures a r e  g iven  i n  Ke lv in  and t h e  p r e s s u r e  i n  a tmospheres .  
S a t u r a t e d  l i q u i d  molar  volumes a t  t h e  normal p o i n t  a r e  p r e s e n t e d  i n  
47 Tab le  7 .  The v a l u e  f o r  carbon d i o x i d e  i s  taken from Rogers and r e p r e -  
s e n t s  a f i c t i t i o u s  number o b t a i n e d  by e x t r a p o l a t i o n  o f  s a t u r a t e d  l i q u i d  
molar  volume v e r s u s  s a t u r a t e d  p r e s s u r e  d a t a  a t  a  s a t u r a t i o n  p r e s s u r e  o f  
one atmosphere.  U n i t s  g i v e n  a r e  i n  c u b i c  c e n t i m e t e r  p e r  gram mole. 
Table 5.  BWR Equation of  S t a t e  Parameters 
(Units  : liter-atm-K-gmol) 





Ethylene Carbon Dioxide 
14 
* 
Number i n  pa ren thes i s  i n d i c a t e s  power of  10 
** 
Corrected C a t  212.7 K 
0 
NOTE 
To conver t  l i t e r  t o  m3 mu l t i p ly  by 0.001 
2 To conver t  atm t o  k ~ / m  mul t i p ly  by 101.325 
The u n i t  g-mol i s  equ iva l en t  t o  mkg-mol 
Table 6 .  C r i t i c a l  Constants and Normal Boil ing Point  Temperatures 
f o r  Componentslo 
PC atm T t r i p l e '  K 






To convert  from atm t o  k ~ / m  mult ip ly  by 101.325 
Table 7 .  Molecular Weights and Sa tura ted  Liquid Molar Volumes 
a t  Normal Boi l ing  Poin t  f o r  Components 
N 
Gas Molecular weight 
3  10 




-- - - - -  
Methane 16.042 37.81 
30.068 55.02 
28.054 49.35 
44.011 * 47 (33.2 ) 
* 
F i c t i t i o u s  va lue  obtained by e x t r a p o l a t i o n  of s a t u r a t e d  l i q u i d  
molar volume da t a  a t  a  s a t u r a t i o n  p re s su re  of one atmosphere. 
NOTE 3  3  
The u n i t  of c m  /g-mol i s  equiva len t  t o  cm /mkg-mol i n  S I  system 
Molecular  w e i g h t s ,  c a l c u l a t e d  from atomic weigh t s  based on 12c = 12,  a r e  
inc luded  i n  t h e  same t a b l e .  
Vapor p r e s s u r e  d a t a  f o r  t h e  pure  components a t  212.7 K ,  260.2 K ,  
and 301.4 K were r e q u i r e d  i n  t h i s  work. A s  s a t u r a t e d  p r e s s u r e s  f o r  methane 
a t  a l l  t h r e e  t empera tu re  l e v e l s  and f o r  e t h y l e n e  a t  301.4 K can  o n l y  be 
cons idered  a s  f i c t i t i o u s - -  they correspond t o  t empera tu res  where a  l i q u i d  
phase  cannot  e x i s  t - - a  mathemat ical  r e p r e s e n t a t i o n  o f  t h e  a v a i l a b l e  d a t a  
46 
was s e l e c t e d .  The reduced Kirchhoff  vapor  p r e s s u r e  e q u a t i o n  was used 
f o r  t h i s  purpose ,  cor responding  b a s i c a l l y  t o  a n  approximate  i n t e g r a t i o n  o f  
t h e  e x a c t  thermodynamic Clausius-Clapeyron r e l a t i o n .  The i n t e g r a t e d  r e l a -  
t i o n ,  
where A and B a r e  c o n s t a n t s ,  a p p l i e d  t o  t h e  c r i t i c a l  p o i n t  and t o  t h e  
normal b o i l i n g  p o i n t  o f  t h e  s u b s t a n c e  can be reduced t o  t h e  form 
where 
The Ki rchhof f  r e l a t i o n ,  e q u a t i o n  (go), r e p r e s e n t e d  t h e  a v a i l a b l e  
e x p e r i m e n t a l  vapor  p r e s s u r e  d a t a  f o r  t h e  f o u r  s u b s t a n c e s  between t h e i r  
normal b o i l i n g  p o i n t s  and c r i t i c a l  p o i n t s  w i t h i n  L- 3%, i t s  pa ramete r s  b e i n g  
e v a l u a t e d  from c r i t i c a l  c o n s t a n t s  and normal b o i l i n g  p o i n t  t e m p e r a t u r e s .  
The same e q u a t i o n  was used t o  o b t a i n  f i c t i t i o u s  vapor  p r e s s u r e s  f o r  methane 
and e t h y l e n e  a t  t empera tu res  above t h e i r  c r i t i c a l  p o i n t s ,  by e x t r a p o l a t i o n .  
APPENDIX G 
EXPERIMENTAL DATA 
The exper imenta l  pure  gas  and mix ture  a d s o r p t i o n  d a t a  ob t a ined  i n  
t h i s  s t udy  a r e  p r e sen t ed  nex t  i n  Tables  8 t o  15,  t h e  amount adsorbed,  n 
0 
o r  n being g iven  i n  terms of t h e  ~ i b b s ~ ~  d e f i n i t i o n  ( s ee  Chapter  V ) .  i ' 
Thir ty- two pure  gas  a d s o r p t i o n  isotherms were determined over  a two-month 
pe r i od  ( s e e  Tables  8 t o  l l ) ,  and twenty-seven gas  m ix tu r e  ad so rp t i on  i s o -  
therms ove r  a subsequent  three-month pe r i od  ( s ee  Tables  12 t o  15).  A 
s i n g l e  sample o f  32.19 grams of a c t i v a t e d  carbon,  a s  c h a r a c t e r i z e d  i n  
Appendix F, was used ove r  t h e  t o t a l  exper imenta t ion  pe r i od .  
Vapor p r e s su re s  f o r  t h e  pure  components, a t  t h e  t h r e e  experimerital  
10 




Ethy lene  
Carbon Dioxide 
Pure  Gas Isotherms 
I n  t h e  f o l l o w i n g  t a b l e s  t h e  e q u i l i b r i u m  p r e s s u r e ,  P ,  i s  expressed  
i n  pounds p e r  s q u a r e  inch  a b s o l u t e  and t h e  amount o f  pure  gas  adsorbed ,  
n  i s  g iven  i n  mil l igram-mole  p e r  gram of  a d s o r b e n t .  Each i s o t h e r m  d a t a  
0 '  
s e t  i s  i d e n t i f i e d  by t h e  d a t e  o f  experiment i n  p a r e n t h e s i s .  The e n t i r e  
s e t  of  pure  gas  a d s o r p t i o n  measurements was determined between November 
19,  1973 and January  23, 1974. 
The amounts o f  gas  adsorbed were  c a l c u l a t e d  w i t h  computer program 
PISOTH which i s  b r i e f l y  d e s c r i b e d  i n  Appendix L. 
The u n c e r t a i n t y  i n  t h e  p r e s s u r e  g iven  i n  t h e s e  t a b l e s  i s  w i t h i n  
k 0.05 p s i a  a t  p r e s s u r e s  below 1 5  p s i a ,  k 0.25 p s i a  between 15  and 250 
p s i a ,  and k 1 . 5  p s i a  between 250 and 550 p s i a  ( s e e  Appendix C) .  The un- 
c e r t a i n t y  i n  t h e  number o f  moles g iven  i n  t h e  same t a b l e s  i s  b e l i e v e d  t o  
be w i t h i n  k 0.02-0.15 mg-mol /g~ ,  depending on t h e  p r e s s u r e  l e v e l  ( s e e  
Chapter  111) .  It i s  recognized  t h a t  t h e  v a l u e s  p r e s e n t e d  i n  t h e s e  t a b l e s  
a r e  c a r r i e d ,  i n  g e n e r a l ,  w i t h  more s i g n i f i c a n t  f i g u r e s  than  sugges ted  by 
t h e  u n c e r t a i n t i e s  g iven  above.  
NOTE 
2 
To c o n v e r t  from p s i a  t o  k ~ / m  m u l t i p l y  by 6.8947572. 
The u n i t  o f  mg-mol i s  e q u i v a l e n t  t o  pkg-mol i n  t h e  S I  sys tem.  
Table  8.  Methane I so therms ,  Gibbs D e f i n i t i o n  
P ,  p s i a  n mg-mol/gc P ,  p s i a  n mg-mol/gC P ,  p s i a  n  mg-mol/gC 
0'  0 '  0' 
Table  9 .  Ethane I so therms ,  Gibbs D e f i n i t i o n  
- -  - - - - - - - - - 
P ,  p s i a  no, mg-rnol lg~ P ,  p s i a  n mg-nlol/gC 
0' 
Table  10.  E thy lene  I so the rms ,  Gibbs D e f i n i t i o n  
P ,  p s i a  n  mg-mol/gc P ,  p s i a  n  mg-mol/gC 
0'  0' 
Table 11, Carbon Dioxide Isotherms, Gibbs Def in i t i on  
P, p s i a  n  mg-mol/g~ P, p s i a  n mg-mol/gc 
0' 0 '  
Binary and Ternary Gas Mixture Isotherms 
I n  t h e  fo l lowing  t a b l e s  t h e  gas phase composi t ion i s  given i n  
pa r en the s i s  i n  mole pe r cen t .  The equ i l i b r i um p r e s s u r e ,  P ,  i s  expressed 
i n  pounds p e r  squa re  i nch  a b s o l u t e .  The amount of  component i adsorbed,  
n  i s  expressed  i n  mill igram-mole p e r  gram o f  adsorben t .  The mole f r a c -  
i ' 
t i o n s  o f  a d s o r b a t e  i, x a r e  t a b u l a t e d  a s  de f i ned  by equa t i on  (47) .  The 
i3 
r e l a t i v e  v o l a t i l i t y ,  a ' ,  a s  def ined  f o r  b ina ry  and t e r n a r y  mix tures  by 
equa t i on  (86 ) ,  i s  p resen ted  i n  t h e  l a s t  column. The e n t i r e  s e t  o f  b ina ry  
and t e r n a r y  adso rp t i on  measurements was determined between March 13 and 
June 19, 1974. 
The amounts o f  gas  adsorbed were c a l c u l a t e d  w i t h  computer program 
MISOTH which i s  b r i e f l y  de sc r i bed  i n  Appendix L. 
The u n c e r t a i n t y  i n  t h e  p r e s s u r e  g iven  i n  t h e s e  t a b l e s  i s  w i t h i n  
2 0 .5  p s i a  between 15 and 300 p s i a ,  and 2 1.5 p s i a  between 300 and 450 
p s i a  ( s ee  Appendix C) . The u n c e r t a i n t y  i n  t h e  number of  moles g iven  i n  
t h e  same t a b l e s  i s  thought  t o  be w i t h i n  about  5 0.003 and 0.20 mg-mol /g~ ,  
depending on t h e  component and t h e  p r e s s u r e  l e v e l  ( s e e  Chapter  111) .  I t  
i s  recognized t h a t  t he  va lues  p resen ted  i n  t h e s e  t a b l e s  a r e  c a r r i e d ,  i n  
g e n e r a l ,  w i t h  more s i g n i f i c a n t  f i g u r e s  than  suggested by t h e  u n c e r t - a i n t i e s  
g iven  above. 
NOTE 
To conve r t  from p s i a  t o  k ~ / m ~  m u l t i p l y  by 6.8947572. 
The u n i t  o f  mg-mol i s  e q u i v a l e n t  t o  +kg-mol i n  t h e  S I  system. 
1 3 4  
Table 12. Methane-Ethane Isotherms, Gibbs Def in i t i on  




1 2  
mg-mo l / g ~  
Methane (1) -Ethane (2) / (49.9-50.1 mol%) 
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Table 13. Methane-Ethylene Isotherms, Gibbs Definition 
P, psia 
"1 "3 T *1 *3 




Table 13. (Continued) 




Table 14. Ethane-Ethylene Isotherms, Gibbs Definition 
P, psia n 




3 2  
mg-mollg~ 
Table 15. Methane-Ethane-Ethylene Isotherms, Gibbs Definition 
P, psia nl n 2 "3 T X1 2 X3 ( Y i 2  
n X 
mg -mo 1 / g ~  
Table 16. Summary of Binary Reproducib i l i ty  Measurements 
Gas Mixture, T, P,  p s i a  n mg-mol/g~ Deviat ion,  % 
i ' 
and Compos i t  ion  CH4 'zH6 'zH4 CH4 C2H6 C2H4 
C H - C H  212.7K 
4 2 4 '  
151.4 0.851 - 7.185 -5.5 - W . 1  
(53.6-46.4 m01%) 151.0 0.898 - 7.179 
NOTE 
Deviat ions i n  t h i s  t a b l e  a r e  given wi th  r e spec t  t o  n a t  the  h ighes t  
i pressure .  
K i n e t i c  Data 
The k i n e t i c  r e s u l t s  p resen ted  i n  t h e  fo l l owing  f i g u r e s  were 
ob ta ined  by measuring t h e  e f f l u e n t  gas composit ion a s  a  f unc t i on  of  t ime.  
I n i t i a l l y ,  t h e  a d s o r p t i o n  c e l l  was main ta ined  under vacuum cond i t i on .  The 
gas  mix ture  was then  admi t ted  t o  t h e  adso rp t i on  space ,  t h e  flow r a t e  being 
e s t a b l i s h e d  i n  about  f i v e  minutes .  The f i r s t  a n a l y s i s  was made a s  soon a s  
t h e  flow r a t e  became s t a b l e ,  which r equ i r ed  about  2-5 minutes .  The ana ly -  
s i s  of t h e  e f f l u e n t  gas s t ream was then recorded a s  a  f u n c t i o n  o f  t ime 
u n t i l  e q u i l i b r i u m  was reached,  i . e . ,  when t h e  i n l e t  and e x i t  s t reams 
reached t h e  same composi t ion ( s ee  Chapter 11). The t ime s c a l e  z e r o  i n  
t h e s e  f i g u r e s  corresponds t o  t h e  i n s t a n t  when t he  gas mix ture  was admi t ted  
i n t o  t h e  a d s o r p t i o n  sy s  tem. 
These k i n e t i c  d a t a  a r e  cons idered  t o  be approximate and a r e  p re -  
s en t ed  f o r  q u a l i t a t i v e  a n a l y s i s  purposes on ly .  


Figure 32. Kinetic Data for Methane-Ethane-Ethylene (52.0-23.0-25.0 
mol %) Mixture at 212.7 K and 40 psia 
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Pure  Gas Isotherms 
Equa t ion  (1)  i n  Chap te r  111 d e s c r i b e s  t h e  number o f  moles adsorbed  
by t h e  s o l i d  a d s o r b e n t  a t  each p o i n t  on  t h e  i s o t h e r m  
k added r 
- P ; ($) 
0 R 
i 




where n i s  t h e  number of moles i n  t h e  v o i d  s p a c e  r e p r e s e n t e d  by { v . ) ,  P, 
0 1 
and [ T ~ ) .  
A s  
n = PV/ (ZRT) 
0 
r e p r e s e n t s  t h e  number o f  moles o f  a pure  gas  i n  a known volume a t  T and P,  





100 = {(2) AP (%) bV (%,p$ (2) AT} 
o VTZ PTZ PVZ 0 
Evaluat ing the  p a r t i a l  d e r i v a t i v e s  by us ing  r e l a t i o n  (1)  and t ak ing  
the  a b s o l u t e  values  g ives  
The assignment of  accu rac i e s  t o  each of the measurements led  t o  
t he  fol lowing va lues  i n  equa t ion  (96) : 
I f  equa t ions  (96) and (97) a r e  appl ied  t o  the  amount added and t o  







The maximum r e l a t i v e  e r r o r ,  %, a n t i c i p a t e d  i n  the amount adsorbed is  given 
approximately by 
The 301.4 K methane isotherm (see Table 8 i n  Appendix G)  w i l l  be 
used t o  i l l u s t r a t e  the magnitude of these  terms. A s  n '  is much l a r g e r  f o r  
0 
the  o t h e r  gases i n  t h i s  s tudy,  smal le r  e r r o r s  can be expected i n  t h e i r  
adsorpt ion  c a p a c i t i e s .  
Table 17. E r ro r  Analysis of Methane Isotherm a t  301.4 K 





Thus, a t  250 p s i a  i t  would be  p o s s i b l e  f o r  t h e  d a t a  t o  be  8.3% i n  
e r r o r .  T h i s  i s  improbab le ,  however, because  f o r  t h i s  t o  happen a l l  o f  t h e  
0 
terms i n  t h e  summation and n  i n  e q u a t i o n  (93)  would have  t o  be  i n  maximum 
0 
e r r o r  and a l l  i n  t h e  same d i r e c t i o n .  I n  a l l  p r o b a b i l i t y  a  c a n c e l l a t i o n  
o f  e r r o r s  would g r e a t l y  r educe  t h o s e  a p p e a r i n g  i n  t h e  t a b l e .  
Mix tu re  Gas I so the rms  
The a d s o r b e d  amount f o r  a  c e r t a i n  component i i n  a n  a d s o r b a t e  mix- 
t u r e ,  a t  e a c h  p o i n t  o f  t h e  i s o t h e r m ,  i s  g i v e n  by e q u a t i o n  (3) i n  Chap te r  
I11 
0 
where ni i s  t h e  moles o f  i i n  t h e  v o i d  s p a c e  a t  T, P ,  (y i ] ,  and vO. 
I f  e q u a t i o n  (96) i s  a p p l i e d  t o  
i t  i s  p o s s i b l e  t o  o b t a i n ,  t h a t  
where 
The maximum r e l a t i v e  e r r o r ,  %, a n t i c i p a t e d  i n  the  amount adsorbed 
of component i i s  given then by 
0 
An; n - 100 = 6 ("i)s stem i 
n): + 7 -  n '  n '  
i i i 
The methane-ethane (49.9-50.1 mol%) isotherm a t  301.4 K ( see  Table 
12 i n  Appendix G)  w i l l  be used to show the magnitude of  these  terms. 
Table 18. Error  Analysis of Methane-Ethane (49.9-50.1 mol%) 
Isotherm a t  301.4 K 
P ,  p s i a  
mg-mo l / g c  
A c a n c e l l a t i o n  o f  e r r o r s  w i l l  probably  reduce  s i g n i f i c a n t l y  t h o s e  
a p p e a r i n g  i n  t h e  t a b l e .  
APPENDIX I 
SUMMARY OF MODIFICATIONS TO THE POTENTIAL THEORY OF ADSORPTION 
APPLIED TO PURE GASES 
I n  t h e  f o l l o w i n g  t a b l e  a  summary o f  d i f f e r e n t  m o d i f i c a t i o n s  o f  t h e  
P o l a n y i  P o t e n t i a l  Theory  a p p l i e d  t o  p u r e  g a s  a d s o r p t i o n  is  p r e s e n t e d .  The 
t a b l e  i s  s e l f  e x p l a n a t o r y .  The r e a d e r  i s  r e f e r r e d  t o  t h e  d i s c u s s i o n  i n  
C h a p t e r  I V .  
T a b l e  19 .  Summary o f  M o d i f i c a t i o n s  t o  t h e  P o t e n t i a l  Theory  o f  A d s o r p t i o n  A p p l i e d  t o  P u r e  Gases  
- - 
A u t h o r  C o r r e l a t i o n  V  f rom V" f rom ps f rom Remarks 
a  a  
a s  f i r s t  a p p r o x .  
- Ps = P, (TI T  < Tc R e q u i r e s  l e n g t h y  
0 . 1 4 ~ / b  T >  Tc t r i a l - e r r o r  
p r o c e d u r e  
- - - 
D u b i n i n ,  n  v v s .  F l n [ p  ( T ) / P ]  Va = is (T) T  5 T  V: = va (T) Ps = pS(T)  T  Tc Ro t  a p p l i c a b l e  
o a  s 
e t  a l .  a  nbp -- L i n e a r  r e  l a  t i o n  ps = ~p~ T >  Tc a t  P > T P  2 
( 1 1 , 1 5 , 1 7 ,  
u 
R c  
1 8 , 2 1 , 3 7 ,  Va = U(T) 
5 4 )  between 
Lewis ,  v" = 
Ps = Ps (T)  T  Tc Not recommended e t  a l .  -- o a  a  a  
(30)  
a 
e x t r a p o l a t i o n  a t  P  < 100 mm Hg 
A n t o i n e  e q u a t i o n  Not a p p l i c a b l e  
f o r  T  > Tc much above  T  
o r  P  > Pn 
L 
Mas I a n ,  RT (P, 9 - u 
n  V v s .  -1n- 
o a  V: L ~ ( P , T )  1 Va = V o f  com- e t  a l .  V l  = Va Not a p p l i c a b l e  --
(33 )  
a 
p r e s s e d  g a s  a t  e x t r a p o l a t i o n  t o  l i q u i d - l i k e  
z, P S ( T ) ,  T  A n t o i n e  e q u a t i o n  a d s o r b a t e s  
Table  19.  (Cont inued)  
- - - - 
Author  C o r r e l a t i o n  V from VI1 from ps from Remarks a  a  
Gran t -  
Manes 
(23.  24) 
RT - f s ( ~ s ~ T ) l  - - - - 
no% v s .  F ~ n i  
f (P .T)  j' Va = VS(ps = p )  V; = Vs (Tnbp) Ps = ps ( 0  T  Tc Not a p p l i c a b l e  a  e x t r a p o l a t i o n  a t  P  > PC 
Cook- RT f (P, . TI1 - .- 
nav v s .  -ln( va = % (T) T < T v" = 7j  
~ a s m a d j  i a n  o a  V f ( P y T )  1 nbp a  a  
(12)  t angen t  t o  InV s v s .  
- 
Ps - P ~ ( ~ )  < Tnbp Does n o t  y i e l d  a  
ps from V ,T,Z f o r  s i n g l e  c o r r e l a -  
a  
InT a t  T  > T. T > T  t i o n  c u r v e  
nbp nb €' 
-- 
Hasz- RTQ'  r f s ( ~ , . ~ ) ,  
B a r r e r  o "Vs- a  vCn1, f ( p , ~ )  j same a s  Cook, et & 
12 
(26) 
a 0 '  = Q ' ( T )  e m p i r i c a l  lnps  = A + B/T 
e x t r a p o l a t i o n  
a t  T >  Tc 
Rogers 
(47)  
n  V v s .  
o a  Va = % (T nbp ) 
d 
a l l  T  e x t r a p o l a t i o n  
lnps  = A + B/T a t  
T  Tc 
Table  19 .  (Cont inued)  
- H 
Author C o r r e l a t i o n  V from V" from ps from Remarks a  a  
Reich $ln{fs(Ps'T)} - Va = B ~ ( T )  T  a T  na? vvs. 
(Th i s  Work) o  a  v: = vs (Tnbp) P, = ps (T)  from v- f ( P , T )  nbp 
a Linear  r e l a  t i o n  lnpS = A + B/T  
. - va = V,(T) between a t  a l l  T  
A,B e v a l u a t e d  a t  
T  a n d T  
nbp C 
* 
b  = c o n s t a n t  i n  t h e  van d e r  Waals e q u a t i o n  of s t a t e  = RTc/(8p ) 
APPENDIX J 
INCONSISTENCY I N  THE USE OF THE POTENTIAL THEORY APPLIED TO MIXTURES 
S i r c a r  and Myers48 have r e c e n t l y  po in ted  o u t  t h a t  t h e  e x t e n s i o n  of 
t he  Polanyi-Dubinin P o t e n t i a l  Theory t o  mix tures  25'29'33 i s  c o r r e c t  on ly  
when t he  s u r f a c e  p o t e n t i a l  of  t h e  pure  a d s o r b a t e s ,  a s  de f i ned  by Berenyi ,  
e t  a1.8 and d i scussed  i n  Chapter  I V ,  a r e  equa l  i n  t h e  s t a t e  of s a t u r a t e d  -- 
vapor.  
I n  t h e  Grant  and Manesz5 model f o r  mix ture  a d s o r p t i o n  p r e d i c t i o n ,  a  
s t anda rd  s t a t e  is s e l e c t e d  where t h e  pure  adso rba t e  i s  a t  t h e  same volume 
A 
a s  t h a t  o f  t h e  adso rba t e  mix ture ,  Vam. This s t anda rd  s t a t e  may be eva lua-  
t e d  from t h e  p o t e n t i a l  theory  c h a r a c t e r i s t i c  curve  f o r  t h e  pure  ads o rba t e s -  
ad so rben t  system 
( v a l i d  a t  low p r e s s u r e s )  and 
where 
I - N 1 25,This Work v; = Vs (Tnbp 
- - This Work 
Va = Vs(T) 
depending on t h e  theory  mod i f i c a t i on  used ( s e e  Appendix I). 
I f  F '  and " V e l e c t e d  i n  t h i s  work a r e  used f o r  t h e  purpose of  a  a 
showing t h e  i ncons i s t ency ,  then  
D i f f e r e n t i a t i n g  equa t i on  (109) and u s ing  equa t i on  (110) 
noRT d  1nP 
dc = - RT d  inP = - 
's (Tnbp)  Q a ( p , ~ )& 
Vs (T) 's (Tnbp) 
'a(p)k I T = cons t . 
where 
Consider  t h e  fo l l owing  f o u r  s t a t e s  of  t h e  a d s o r b a t e  a t  t h e  b ina ry  
s y s  tem temperature  (shown g r a p h i c a l l y  i n  F igure  33) : 

B + C (pure  component 2) 
- 
OD - - Osl - OS2 
D A (pure  component 1)  
8 = 8  
A 33 
k? (P) da 
I f  r e l a t i o n s  (113),  (114),  (115),  and (116) a r e  added 
A s  t h e  summation of  i n t e g r a l s  i s  e q u i v a l e n t  t o  t h e  i n t e g r a t i o n  of  
t h e  Gibbs i so therm around a  c l o sed  pa th  A+B+C+IkA, equa t i on  (117) r e p r e -  
s e n t s  t he  c o n d i t i o n  under  which t h i s  thermodynamic r e l a t i o n  i s  s a t i s f i e d ,  
i . e . ,  when t h e  s u r f a c e  p o t e n t i a l s  a r e  equa l  a t  s a t u r a t i o n .  S i r c a r  and 
Myers48 have po in ted  o u t  t h a t  t h i s  is an i n c o r r e c t  conc lus ion  t h a t  can be 
t r u e  on ly  i f  t h e  composit ion of  t h e  adsorbed phase is equa l  t o  t h e  composi- 
t i o n  o f  t h e  bulk l i q u i d  phase.  
APPENDIX K 
CORRELATION RESULTS 
Pure Gas Isotherms 
I n  t h e  fo l lowing  t a b l e  t h e  c h a r a c t e r i s t i c  curve  o r d i n a t e s ,  9 and 
a  
E / F ~ ( T  ), a r e  p r e s e n t e d  i n  t h e  l a s t  columns. The c a l c u l a t i o n s  were p e r -  
nbp 
formed w i t h  computer program D U B I N 1 ,  which i s  b r i e f l y  d e s c r i b e d  i n  Appendix 
L, and f o l l o w  t h e  scheme d i s c u s s e d  i n  Chapter  V be ing  r e p r e s e n t e d  by 
e q u a t i o n s  (15) ,  (21),  and (72).  
The f i r s t  t h r e e  columns r e p r e s e n t  t h e  exper imenta l  a d s o r p t i o n  d a t a  
i n  terms o f  a b s o l u t e ,  53 na and Gibbs a d s o r p t i o n , 5 3  n  ( s e e  Chapter  V and 
0'  0 
Appendix G ) .  The a b s o l u t e  a d s o r p t i o n  c a p a c i t i e s  were c a l c u l a t e d  from Gibbs 
a d s o r p t i o n  d a t a  by means of  Equat ions  (29) ,  (30 ) ,  and (76) i n  Chapter  V. 
The f o u r t h  column cor responds  t o  t h e  a d s o r p t i o n  c a p a c i t i e s  c a l c u l a t e d  from 
a  l i n e a r  l e a s t  square f i t  of the  cha rac te r i s  t i c  curve da ta  given i n  Figure 
13 o r  Tab le  20. The c a l c u l a t i o n s  were c a r r i e d  o u t  w i t h  computer program 
LINFIT which i s  b r i e f l y  d e s c r i b e d  i n  Appendix L. The d e v i a t i o n  between 
columns t h r e e  and f o u r ,  i n  pe rcen tage ,  i s  g iven  i n  column f i v e .  U n i t s  f o r  
a l l  t h e  columns a r e  g i v e n  i n  t h e  t a b l e  heading.  
NOTE 2  
To c o n v e r t  from p s i a  t o  k ~ / m  m u l t i p l y  by 6.8947572. 
To c o n v e r t  from c a l  t o  J m u l t i p l y  by 4.184. 
The u n i t  o f  mg-mol i s  e q u i v a l e n t  t o  pkg-mol i n  t h e  S I  s y s  tem. 
Table 20. C h a r a c t e r i s t i c  Curve Ord ina tes  f o r  Pure Gases and 
Ca l cu l a t ed  Capac i t i e s  Using Linear  Leas t  Squares F i t  
a  
P,  p s i a  n  n  n o o oc a  €IFs (Tnbp) D y %  V X 1 0 3  
mg-mollgc 3 cm /gC ca l l cm  3 
NOTE P  = p r e s s u r e ,  p s i a  
na = a b s o l u t e  ad so rp t i on ,  mg-mol/g~ 
0 
n  = Gibbs a d s o r p t i o n ,  mg-mol/gC 
0 
n  = c a l c u l a t e d  Gibbs a d s o r p t i o n  u s i n g  l i n e a r  f i t ,  mg-mol/gC 
OC 
D = (no - n  ) 100/no = d e v i a t i o n ,  % 
OC 
3 = n:vs (T) = o r d i n a t e  i n  c h a r a c t e r i s t i c  cu rve ,  cm / g ~  
a 
RT 
V V s ( ~ n b p )  = -) l n ( f s  (ps ,T) / f  ( P , T ) )  = a b s c i s s a  i n  c h a r a c t e r -  
nbp i s t i c  curve ,  c a l l cm  3 
Table 20. (Continued) 
a 
P, psia n n n 
o o oc D , %  i X 1 o 3  e/D'(T ) 
3 s nbp 
mg-mollg~ cm IgC callcm3 
Table 20. (Continued) 
a H 
P, psia n n n 
O o oC D , X  i a X 1 0 3  c1vS onbp) 
mg-mol/gC 3 cm IgC callcm3 
Table 20. (Continued) 
- - - - - - - - 
a 3 - 
P, p s i a  n n n 
0 0 OC D , %  i x l o  € /Vs  (Tnbp) 
mg-rnollgc 3 cm Igc calIcm3 
Table 20. (Continued) 
-- - - -- - -- - - - - - 
a 3 - 
P, psia n n n 
0 0 OC 
D, % ?a X 10 (Tnbp) 
mg-mol/gc 
3 
cm IgC calIcm3 
Table 20. (Continued) 
a 3 - 
P, psia n n n 
o o oc D,% c a x l O  €/Vs (Tnbp) 
mg-rnol/gc cm3 / g ~  cal/crn3 
Carbon Dioxide/301.4 K 
1.190 - - 
1.870 - - 
2.783 2.436 12.5 
3.700 3.642 1.6 
4.468 4.554 - 1.9 
5.133 5.299 - 3.2 
5.634 5.844 - 3.7 
6.052 6.294 - 4.0 
Carbon Dioxide/301.4 K 
1.210 - - 
1.887 - - 
2.621 2.197 16.2 
3.487 3.379 3.1 
4.272 4.322 - 1.2 
4.972 5.109 - 2.8 
5.525 5.718 - 3.5 
Carbon ~ioxide/301.4 K 
4.369 4.397 - 0.7 
5.514 5.684 - 3.1 
5.897 6.067 - 2.9 
6.204 6.438 - 3.8 
6.538 6.767 - 3.5 
6.778 7.049 - 4.0 
6.989 7.262 - 3.9 
7.162 7.426 - 3.7 
7.348 7.557 - 21.8 
7.379 7.654 - 3.7 
Table 20. (Continued) 
a 3 N 
P, psia 
"0 no D, % ?a )( 10 "/Vs (Tnbp) 
mg-mo 1 / g~ 3 cm /gC cal/cm3 
Carbon Dioxide/260.2 K 
1.608 - - 
2.886 2.692 6.7 
3.818 3.828 - 0.3 
4.877 4.957 - 1.7 
6.002 6.102 - 1.7 
7.091 7.190 - 1.4 
8.018 8.192 - 2.2 
8.712 8.965 - 2.9 
Carbon Dioxide/260.2 K 
3 -453 3.399 1.6 
4.819 4.912 - 1.9 
6.600 6.713 - 1.7 
7.723 7.856 - 1.7 
8.290 8.506 - 2.6 
8.550 8.800 - 2.9 
Carbon Dioxide/212.7 K 
1.826 - - 
3.569 3.757 - 5.3 
5.219 5.376 - 3.0 
6.706 6.705 0.0 
7.945 7.787 2.0 
9.535 9.567 - 0.3 
Carbon Dioxide/212.7 K 
1.829 - - 
3.040 3.092 - 1.7 
4.736 4.853 - 2.5 
6.264 6.260 0.1 
7.626 7.425 2.6 
Carbon Dioxide/212.7 K 
1.824 - - 
3.266 3.370 - 3.2 
4.925 5.059 - 2.7 
6.441 6.418 0.4 
7.752 7.547 2.7 
Carbon Dioxide/212.7 K 
1.889 - - 
3.698 3.967 - 7.3 
5.406 5.612 - 3.8 
6.921 6.950 - 0.4 
9.442 9.563 - 6.3 

Table 21. C h a r a c t e r i s t i c  Curve Ordinates  f o r  Gas Mixtures 
P ,  p s i a  
A 
lo3 c / % ( ~ n b p ) ,  cal/cm 3 'am , 
Me thane (1) -Ethane (2) / (49.9-50.1 mo1%) 
Table 21. (Continued) 
P ,  p s i a  
Table 2 1. (Continued) 
P, psia 
T a b l e  21. (Cont inued)  
P ,  p s i a  
APPENDIX L 
FORTRAN PROGRAMS 
A l l  t h e  computer programs mentioned i n  t h i s  work were  programmed i n  
FORTRAN I V  language and were run on a  UNIVAC 1108 computer. 
B a s i c a l l y ,  each program c o n s i s t e d  o f  a  d r i v e r  program and two o r  
more s u b r o u t i n e s ,  common t o  a l l  programs, which a r e  de sc r i bed  nex t .  
Common Subrou t ines  
General  Desc r i p t i on .  This  sub rou t i ne  c a l c u l a t e s  t h e  mix ture  param- 
e t e r s  i n  t h e  BWR equa t i on  of  s t a t e  f o r  a  gas  mix ture  (maximum t h r e e  com- 
3 
ponents)  g iven  t h e  pure  gas  BWR parameters  and u s i n g  t h e  Benedic t et a l .  
mixing r u l e s .  
BWWG 
General  Desc r i p t i on .  Th is  sub rou t i ne  c a l c u l a t e s  t h e  molar volume, 
d e n s i t y ,  and c o m p r e s s i b i l i t y  f a c t o r  o f  a  gas mix ture  (maximum t h r e e  com- 
ponents)  and t h e  f u g a c i t i e s  o f  t he  components, g iven  t h e  BWR mix ture  and 
pure  gas parameters  and t h e  ga s  mix ture  temperature  and p r e s su re .  The 
molar  volume i s  so lved  from t h e  BWR equa t i on  o f  s t a t e  by i t e r a t i o n  w i t h  
a  Newton-Raphson technique.  
SYSTEM$*MATHSTAT 
General  Desc r i p t i on .  This  i s  a  s t anda rd  l i b r a r y  f i l e  p repared  by 
t h e  Georgia I n s t i t u t e  o f  Technology Computer Cente r  c o n t a i n i n g  a  s e t  o f  
mathemat ical  s u b r o u t i n e s  w i t h  numerical  a n a l y s i s  methods. This  f i l e  was 
used i n  t h i s  t h e s i s  i n  programs where curve  f i t t i n g  by l e a s t  squares  was 
r equ i r ed .  
Programs 
PISOTH 
General  Desc r i p t i on .  This  program, c o n s i s t i n g  of  a d r i v e r  program 
and sub rou t i ne s  MIXPAR and BWRFUG, c a l c u l a t e s  t h e  adsorbed amount of a 
pure  gas  a t  f i x e d  cond i t i ons  o f  temperature  and p r e s s u r e ,  g iven  a s e t  of  
expe r imen t a l l y  measured d a t a .  
Inpu t .  The i n p u t  r equ i r ed  i s  g iven  below i n  a p p r o p r i a t e  o r d e r :  
1. Run number and d a t e ;  gas  name 
2. BWR pure  gas  parameters  
3 ,  Water thermos t a t ,  c ryos  t a t ,  and room tempera tures ,  and baro-  
m e t r i c  p r e s s u r e  
4. Number o f  e q u i l i b r i u m  p o i n t s  
5. Type of  p r e s s u r e  dev i ce  and p r e s s u r e  read ings  
Un i t s  a r e  exp l a ined  w i t h  comment c a rd s  i n  t h e  main d r i v e r  program, 
Output .  The program g ive s  t h e  pure  gas i so therms ,  i. e. ,  s t e p  o r  
p o i n t  i n  t h e  i so therm,  e q u i l i b r i u m  p r e s s u r e ,  amount adsorbed ,  cumulat ive  
a d s o r p t i o n ,  and cumula t ive  a d s o r p t i o n  pe r  gram of  adsorben t .  
MISOTH 
General  Desc r i p t i on .  This  program, c o n t a i n i n g  a main d r i v e r  program 
and sub rou t i ne s  MIXPAR and BWRFUG, c a l c u l a t e s  t h e  adsorbed amounts o f  d i f -  
f e r e n t  components i n  a ga s  mix ture  (maximum t h r e e  components) a t  f i xed  
tempera ture  and p r e s s u r e ,  g iven  a s e t  o f  expe r imen t a l l y  measured d a t a .  
I npu t .  The i n p u t  r e q u i r e d  is g iven  below: 
1. Number o f  components 
2.  BWR parameters  f o r  pure  components 
3 .  . Cryos t a  t temperature  
4.  Gas phase composi t ion 
5. Water the rmos ta t  and room tempera tures ,  and baromet r ic  p r e s s u r e  
6. Run number and d a t e  
7. Equi l ib r ium p r e s s u r e  
8. Number o f  t r a n s f e r s  t o  sample r e s e r v o i r  
9 .  Sample r e s e r v o i r  composit ion and p r e s s u r e  f o r  a l l  t r a n s f e r s  
Uni t s  a r e  exp la ined  w i t h  comment c a rd s  i n  t h e  main program. 
Output .  The program g ive s  t h e  gas  mix ture  isotherm,  i . e . ,  run  and 
d a t e ,  e q u i l i b r i u m  p r e s s u r e ,  adsorbed amount p e r  gram o f  adsorben t  f o r  each 
component, and t o t a l  amount adsorbed.  
D U B I N 1  
Genera 1 Desc r ip t i on .  This  program, con t a in ing  a  main d r i v e r  program 
and sub rou t i ne s  MIXPAR and BWRFUG, c a l c u l a t e s  t h e  pure  gas c h a r a c t e r i s t i c  
curve  o r d i n a t e s ,  accord ing  t o  t he  scheme d i s cus sed  i n  Chapter  V,  g iven a  
set  of  i t s  exper imenta l  a d s o r p t i o n  c a p a c i t i e s .  
Inpu t .  The i n p u t  r equ i r ed  i s  g iven  below: 
1. Gas name and BWR pure  gas  parameters  
2 .  C r i t i c a l  t empera ture  and p r e s su re ,  normal b o i l i n g  p o i n t  temper- 
a t u r e ,  and s a t u r a t e d  l i q u i d  molar volume a t  T  f o r  t h e  subs tance .  
nbp 
3 .  Temperature 
4. Number o f  d a t a  p o i n t s  
5 .  Gibbs a d s o r p t i o n  and p r e s s u r e  
Output .  The program prov ides  i n p u t  in format ion ,  Gibbs and a b s o l u t e  
a d s o r p t i o n  c a p a c i t i e s ,  and t he  o r d i n a t e s  o f  t h e  c h a r a c t e r i s t i c  curve .  
LINFIT 
Genera l  D e s c r i p t i o n .  Th i s  program, c o n s i s t i n g  o f  a  d r i v e r  program 
and s u b r o u t i n e s  MIXPAR, BWRFUG, and sYsTEM$*MATHsTAT, computes a  l i n e a r  
l e a s t  s q u a r e s  a n a l y s i s  o f  t h e  pure  gas  c h a r a c t e r i s t i c  c u r v e  o r d i n a t e s  
g i v e n  i n  Table  20 i n  Appendix K ,  a c c o r d i n g  t o  e q u a t i o n s  (80)  and (81) i n  
Chapter  V. 
I n p u t .  It o p e r a t e s  w i t h  t h e  same i n p u t  a s  program D U B I N 1 .  
Output .  The program g i v e s  t h e  l e a s t  s q u a r e s  f i t  c o n s t a n t s  , c a l c u -  
l a t e d  v a l u e s  o f  t h e  a d s o r p t i o n  c a p a c i t i e s  and a  comparison w i t h  r e s p e c t  t o  
t h e  e x p e r i m e n t a l  a d s o r p t i o n  d a t a .  
GRANTB 
Genera l  D e s c r i p t i o n .  Th i s  program, cons i s  t i n g  o f  a  d r i v e r  program 
and s u b r o u t i n e s  MIXPAR and BWRFUG, c a l c u l a t e s  t h e  gas m i x t u r e  c h a r a c t e r i s -  
t i c  c u r v e  o r d i n a t e s ,  a c c o r d i n g  t o  t h e  scheme d i s c u s s e d  i n  Chap te r  V, g i v e n  
a  s e t  o f  i t s  e x p e r i m e n t a l  a d s o r p t i o n  c a p a c i t i e s .  
I n p u t .  The i n p u t  r e q u i r e d  is g iven  below: 
1. BWR paramete r s  f o r  t h e  pure  components 
2.  C r i t i c a l  t empera tu re  and p r e s s u r e ,  normal b o i l i n g  p o i n t  temper- 
a t u r e  and s a t u r a t e d  l i q u i d  molar  volume a t  T  f o r  t h e  pure  s u b s t a n c e s  
nbp 
3 .  Gas phase  compos i t ion  and t empera tu re  
4. Number o f  d a t a  p o i n t s  
5. P r e s s u r e  and a d s o r p t i o n  c a p a c i t i e s  f o r  t h e  components i n  t h e  
a d s o r b a t e  m i x t u r e  
Outpu t .  The program p r o v i d e s  i n p u t  i n f o r m a t i o n ,  run  number and 
d a t e ,  p r e s s u r e ,  t o t a l  amount adsorbed ,  a d s o r b a t e  mole f r a c t i o n s ,  and c h a r -  
a c  teris  t i c  c u r v e  o r d i n a t e s .  
GRANTF 
General Descr ip t ion .  This  program, c o n s i s t i n g  o f  a  d r i v e r  program 
and subrout ines  MIXPAR and BWRFUG, c a l c u l a t e s  mixture  adso rp t ion  d a t a  from 
a  l i n e a r  l e a s t  squares  f i t  of  t h e  pure gas c h a r a c t e r i s t i c  curve given i n  
Table  20 i n  Appendix K ,  us ing  the  Grant and Manes method25 d iscussed  i n  
Chapter V. Equations (41) and (43) a r e  solved i t e r a t i v e l y  by a  Newton- 
Raphson technique.  
Input .  S i m i l a r  t o  program GRANTB. 
Output.  The program provides  i npu t  information,  run number and 
d a t e ,  p r e s su re ,  experimental  and c a l c u l a t e d  adso rp t ion  c a p a c i t i e s ,  and a  
comparison between t h e  l a s t  two q u a n t i t i e s .  
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